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PURPOSE OF STUDY 

The main objective of the hydraulic model investigation 
covered by this repor t  was to determine the best  method of control-  
ling the flow of wafer through the vertical  junction shaft  to the 
Eucumbene-Tumut Tunnel. T h r e e  methods studied were: 

1. A free-discharge-type shaft inlet with the c r e s t  control-  
ling the discRarge 

2. A submerged-type shaft inlet with a cylinder gate a t  the 
tunnel-shaft junction controlling the flow down the shaft and p re -  
venting a i r  entrainment 

3. A device a t  the shaft inlet designed to  control the flow 
s o  a s  to exclude a i r  from the shaft and cause  the jet to f a l l  through 
a vacuum equal to the vapcr  p r e s s u r e  of water  

CONCLUSIONS 

Junction-shaft Inlet 

1. The  inlet of the Eucurnbene-Turnut junction shaft should be 
operated submerged because: 

a .  Water plunging into the open shaft will entrain a i r  which 
may collect in  l a rge  pockets and be expelled with e:uplosive force  
pas t  the gate s t ruc tu res  and from the tunnel exit causing a su rg -  
ing of the tunnel and shaft flow. These  p r e s s u r e  s u r g e s  might 

+ damage par t s  of the sys tem.  
1 

b.  Objectionable vibration will occur  if the water over  the 
*. c r e s t  flows alternately against and away f r o m  the concrete  s u r -  

face of the inlet s t ruc tu re  a s  shown on Figure 10B. 

2. Air will be entrained by the water  flowing f r o m  the r e s e r v o i r  
to the shaft when the difference in r e se rvo i r  and shaft water  level 

1 



submerged. 

3 .  With adequate subme~*gance of the inlet the flow conditions 
will be  tranquil and the head loss  smal l  for  flows up to the design 
discharge of 9 009 ~ f : ~  :r:t~l,ic. fet:': p e r  sr!ccrnd). 

4. Water levcls  in the fFl;,iit welis that t ransfer  the r e se rvo i r  
and shaft  levels to the gate cc.:ntrLol rn~zlctianism will have a minimum 
fluctuation when the i n l e t  or!cr.s!-:; s;.rt)rncrged. 

Junction -shaft Inlet Gont a-ol --.-- 
1. A cotltrol at tilc s l i d ' !  illlet, which causes  a vacuum equal to 

the water vapor pressul.e v:ithin the shaft, should not be used f o r  the 
Eucumbene-Tumut junctioli s h a f t .  Water vapor cavi t ies  would be 
elitrained a s  t!ic water  jct ;:l!:nge:-. into the water in the shaft to cause  
cavitation darxagi: to thr! st~aft wi:!ls. A concrete  tes t  section in the 
model was slightly darnaged !ry cavitation a f te r  100 hours1 operation 
and damage could Le expeilterl i n  the prototype. 

2.  The dispersion of a je t  of wizter surrounded by a p r e s s u r e  
equal 'to approximately the vanor presstire of the water  is essentially 
the s a m e  as the  <isper-.-;ion of a !et s!;rrounded by atmospheric pres-  
s u r e .  

Junction-shaft Cylinder Gate - 
1. A cylinder. gate at the base of the shaft ,  controlled to keep 

the shaft inlet and hulkhead  gate openings submerged, will prevent 
entrainment cf nj.r i:1 the tumlel system. 

2 .  The g;;:.!t. ~11i>; . . iber or. cnlargt':ncnt in the tunnel at  the base  of 
the shaft (Figul-e 23 will sat is iactor i ly  direct  the flow f rom the cyl-  
inder gate to tilid tanr:cl. 

3 .  A d ive rgen~c  cjf the i ! c , t i i t l . ~  4 Ceet of the water  passage of the 
lower gate f rame f x - o ~ ~ :  a diurneter of 18 feet  to a diameter  of 18 feet  
11 inches (Figillbe 4) el in1 in~,tc:(f n decrease  in capacity that occurred 
between gate ~ l ) i ' ~ l l ~ . i f i ~  OI 80 ac~d 100 percent without the divergence. 

4.  A gate r': fc.:t i irt,-i~ ?::;;,n v!i*.h a :naxin:um opening of 7. 5 feet  
will have suffi~lf.1r.i r:t:r,;icii.; for the tiesign discharge of 9, 000 cfs .  
The preliminary di-sign ul,;$; 12 feet high and had a maximum opening 
of 10.8 feet .  T h e  cocfficierit :)f disctlarge for  the 9-feet 1 -inch-.high 
gate will have a n:asirnurn \!,ilue of approximately 0.83 at a 7.5-foot 
gate opening (Fig~!r.e 29) .  



high by 10 inches wide recommended gate s e a t  with a section profile 
f rom upstream to downstream of a 6-112-inch vertical  tangent, a 
compound curve of 2-1/8- and 6-112-inch radi i ,  a 2-318-inch hori-  
zontal tangent for the seating surface,  and a ver t ical  downstream 
face  (Figure 30B). 

ri 6. The vibration charac te r i s t ics  of the prototype cylinder gate 
could be evaluated only qualitatively by the model studies,  because 
i t  was infeasible to accomplish s imilar i ty  f o r  the physical p roper t ies  
of the field and model s t ruc tures .  

7. Movement of the prototype gate is possible if the frequency 
of the p re s su re  fluctuations coincides with the natural  period of the 
gate, and the gate is not res t ra ined in i t s  f reedom of movement. The  
gate movement will be partially res t ra ined if the clearance a t  the 
gate guides is held to a minimum. The  unbalanced p r e s s u r e  a c r o s s  
the gate when there  is flow from the gate to the tunnel, will cause 
contact a t  the guides and resul t  in res i s tance  to ver t ical  movement 
of the gate.  

8. Cavitation will not occur-at  the lower edge of the f r a m e  s e a l  
r ing with the section profile of a horizontal 0.62-inch tangent, a 
compound curve of r ad i i  of 0 .555 , l .  182, and 2.390 inches and a 
ver t ical  tangent 4-114 inches long (F igure  39). 

9. T h e r e  will be no cavitation in the flow passage constriction 
between the f r a m e  seal r ing  and the gate s e a l  r ing  of the recommended 
design (F igure  39). 

10. The presence o r  absence of cavitation in  the water passages 
of the top s e a l  of the gate can be predicted f rom a plot of cavitation 
index versus  discharge coefficient data obtained fo r  the full-scale 
sectional model under heads up to 160 feet .  

11, The p res su re  on the 30° sloped lower sur face  of the 1-114-. 
inch thick gate seal r ing  changes from that in the shaft to essentially 
that in the gate r e c e s s  between gate openings of 4 and 4-314 inches 
(F igure  40). 

RECOMMENDATIONS 

., It i s  recommended that the cylinder gate be operated to keep 
the bulkhead gate openings of the inlet submerged s o  a s  to  prevent 
a i r  entrainment into the shaft and tunnel. 

* 
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The  EuctlrnL,er~t: -*l't~~ntii : ' r - r > l t c :  12 located i l l  the Stiowy Mountains 
a r e a  of Southeasf e r n  .Austrs:i,~ (1;'igur-e I ) .  T h e  Snowy Mountains Hydro. 
e lectr ic  Authorit!;, r*t:spar\!;il)lc fo r  tt~t: devclppn~ent  of the project ,  has  
established i ~ . .  1i~'. idc!\~~r: l .1~.::  ,,t ~ ; : c . c ? n t , i ,  r:c.ir the site of construction, 
c~ppl-oximately 2 5 0  n l i i t - s  s r - j~~ th i :  <:.it of S:~ditey. The project  includes a 
large r e se rvo i r  oil the I.:ur:umbe~*c l l iver- nea r  t lrfminahy, a 14-mile- 
lorig 2 1 -foot -ciia,l~r:!t:r i2nnr.i [!:at r:r,;?~~te Lr; this r e se rvo i r  to Tumut 
Pond and Powerpi.;:~t oil the T4!;11:1! l i iver,  a ~ i d  a diversion dam and an 
18-foot-diameter ver t ical  ;;\t,ift !n tne t11:inel a t  the confluence of the 
Turnut a11c1 Happy S,icbs lCivl+r : $ ,  Thr- 12: -foot s h ~ l f t  in te rsec ts  the 21- 
fcjot-diameter t~:-~:lcl  d;,i.)ror,ir+n:ltcij. t i~ r t ?c -qua r t e r s  of the tunnel d i s -  
tance f rom ~ I d a n ~ i n a b y  Reservoil- to T;imut Pond (F igure  2) .  This  
shaft and appurtcriant l;!r.;~ctili'es will d i v e r t  water  f rom the Tumut  
2nd Happy Jacks R i v e r s  to Liie t u ~ ~ n e l  ,md Adan~inaby Reservoi r  when 
the combined flow of the K iv t~ r s  exceeds the demand at Tumut  Pond. 
The  s tored water will f l o w  f1.c.m ~ l a ~ i n i l i a b y  Reservoi r  to Tumut P o i ~ d  
through the 21-foot tur;:iel when tilere is insufficient water  in the r i v e r s  
to supply powcr and  i r  raigat ior: ,:r*ar,irids. 

The main p1.cjblerns of the L L I G C ~ C ~  investigation concerned the 18- 
foot-diameter ju~lctio!! shaft ; L I ; ~  its pertinent p a r t s  located within a 
srnall  r e s e r v o i r  (Sunctior~ P-:r!ci} iurn ted  a t  the diversion dam near  the 
co:~fluence of ' l ' i l - i ! ~ ~  i-i:ld Ilapj):, J;cks Rivers .  The  c r e s t  of the d iver -  
s ion dam is at elevation 39 1 0  ,r:lc! t h ~  maximum flood level f o r  Junction 
Pond is elevzlior: 3!140. Th.: treat of :he inlet s t ruc ture ,  llexagonally- 
shaped in plan, I,; sr s?iev;:.:ltrt; '*8YC- jll'igurcs 3 nnd 3 ) .  The inlet water  
passage is taper;.tl (f!>v~n:liai.~; !'rorri ;~csagonal  a t  the c r e s t  to the 18- 
foot c i r cu l a r  shaft i t ,  a 25-foot vc: i -~lc~l  distance.  P i e r s  a t  the c o r n e r s  
C? thi? Ilex~go:: , ; l i l t i ) ~ ) r ' t  : :~c::~<;;F(J:I: iLy -:shaped enclosure  of concrete  ex- 
tending upward t,: c.levat io!~ :1:2.;3. '!'111s erlclosure supports  the t r a sh -  
r a c k s ,  the cyllt::;t.i--l<att hoi:; t ~lteci~, ,nisrn,  a n d  the bulkhead ga tes .  
The  bulktiead gate:.; arc  for  c:l\;su:.e UL the six 9-foot-high by 15-foot- 
wide rectanguia!. crptr:iltgs Let:vlec-i~ ~ ~ i e r s  through which water p a s s e s  
from Junct io~i  Porld to the s i l t i t .  These openings w i l l  be kept sub-  
merged to minimize a i r  entr.:linnienl when watcr is flowii~g down the 
shaft .  Submergtrlcc ivil! he  ;~ccotnplisht.d by pressur iz ing  the 18-foot 
sh:.ft usiag it :'.O-;!?r+t 3-li?ci! ir~s:.:~!-di:irneter cy l i l~de r  gate a t  the shaft 
bottom ( F i g ~ ~ i f  4) .  'I'?IC cyl~l~rler-g'lrc. hoists a r e  controlled by float- 
operated mechanisms ::ctuatcrl kj. shal t  and pond-water levels.  Water 
levels in the shaft a re  to be maintained at a sufficiently high elevation 
by the cylinder ;;a.ic. t o  preven: air. enr rainmen t .  

T h e  cylinder. gate is 10t:~lteti ir:  ii gate chamber  o r  enlargement of 
the tunnel. Thc  c11:imber co.1.: is t .: (:.f i w o  3 I .  5 -foot -long transit ions 



The c r o s s  section at the gate axis  consis ts  of two 21-foot-diameter 
s emic i r c l e s  separated by a rectangle 21 feet high and 25 feet  wide, 
while that at  the transition ends is the s a m e  as the 21-foot-diameter 
c i rcu lar  tunnel. The transit ions have a constant height of 21 feet  and 
their  semic i rcu lar  sidewalls a r e  aligned on a 23-foot-radius r eve r se  
curve  frorn points opposite the gate axis  to points where they join and 

t a r e  tangent to the main tunnel (F igure  2). 

The  shaft d iameter  increases  abruptly f rom 18 to 25.5 feet a t  the 
shaft and tunnel junction to enclose the gate f r a m e  and provide a r e -  
c e s s  for  the cylinder gate when it  is opened. The gate is operated by 
means  of three 4-  l /2-inch-diameter s t e m s  which extend upward about 
33G feet to the hoists a t  the shaft inlet. The  gate i s  9 feet  1 inch high 
with a maximum opening o f ' 7 .5  feet .  The  gate sea t  is fastened to a 
23 -foot -diameter  concrete  pedestal r is ing 10 .7  feet above the tunnel 
f loor.  The  gate sea t  surface is 8 inches above the tunnel cen ter  l ine.  
Six spl i t ters ,  attached to a 30' cone on top and a t  the center  of the 
concrete pedestal, keep the cylinder gate concentric with the shaft 
center  l ine.  

INVESTIGATION 

The Junction-shaft Inlet 

Description of model. --A 1: 2 1.6-scale  hydraulic model of the 
shaft inlet was constructed in a sheet-metal-lined head box 12 feet 
square  and 4 feet deep (F igure  5A).  The  rrodel included a portion of 
Junction Pond, the inlet s t ruc ture ,  and par t  of the 18-foot-diameter 
ver t ical  shaft. The  converging section of the inlet s t ruc tu re  f rom 
the c r e s t  to the 18-foot-diameter shaft was formed of cement-sand 
m o r t a r  over  wi re  latl. backed by a sheet-metal  f ramework (F igures  
5B and 6) .  The  upper inlet enclosure,  constructed of sheet  metal ,  
was attached to the lower par t  by means  of wooden p i e r s  (F igures  7A 
and B) . Wooden columns, representing t rashrack  supports ,  were 
added between the lower and upper pa r t s  of the inlet. A portion of the 
ver t ical  shaft was represented by a 10-inch inside-diameter t rans-  
parent plastic pipe. Topography surrounding the inlet s t ruc ture  was 
formed of a cement-sand mor ta r  over  a f ramework of wi re  lath and 
wood (Figure 7C). The  flow approaching the c r e s t  was passed 
through rock baffles to represent  flow f rom the Tumut and Happy Jacks  
R ive r s .  Point gages with vernier  graduations to thousandths of a foot - were  used to measure  model r e se rvo i r  and shaft water  levels.  

Dimensions and quantities re fer red  to in the following discussions 
b a r e  fo r  the prototype s t ruc ture  unless otherwise noted. 

Initial observations and test  procedure,  --Two methods of oper -  
ating the junction-shaft inlet were considered in the initial s tages  of 
of the investigation: (1) operation a s  a f ree-discharge weir with d i s -  
charge controlled by the c r e s t  and the hydraulic l o s ses  in the shaft 



separate control i ~ ;  1111:: sliaft 1 : '  pl .cvent  air entrainment, 

T h e  modcl wa:; f i r s t  oper*atecI as a mor'l~ing-glory-type spillway 
w i t h  the flow pl~ingilig over the c res t  ant1 into the partially-filled ahaft, 
t4arge quantities of ail* *#ere cntr:lil~cti anrl m u c h  turbulence and surg- 
lng werc obscl.ved. 

Operatiori of the model, w i t h  t.he i111z;'t sublnerged by controlling 
tlie flow through the str\lcturr. w j t l l  a gate in the  discharge pipe,  pre- 
vented a i r  entrainmcrl t . li'lo-:, t :o i i~ i i t  I L I Z I : ~  t ~ e  re  t rancluil with this 
method of oper.ation ~ c h l c h  r*cprc?:;cr~tcd u control plucetl in  the  burjo 
of the shaft or  in the tunt-tel. 

A s  a result  of the iriitial cjbsc~.vations and di.~cussiolla with the 
designers, it was decided t i l l r t  t t lu  investigutlon should bs oor~tinued 
to determine ( 1 )  ttic rnirrirliurrl s h d f t  w : ~ t e r  level wlth respect to the 
pond level that would prevent i ~ i r  cntrainn~ellt wlth frao flow ut the 
<res t ,  and ( 2 )  the head loss  through the submerged bulkhead gate 
openings. T h i s  decision was reqcilcd after  rilengcr infoi*mution corlc 
cerning surging and the damaging uffticts of crltruined uir releaas~rl 
under high pressures was reviewed and found to be of an udveree 
nature. The model tca ts  tlisclosi?d that large yuuntities of ontrcail~arl 
a i r  could be expected i n  the ~ > ~ ' i ~ t ~ t y p e  juliction shaft i f  it wore ope t811tod 
w i t h  f ree  flow e l r t ' r  the i n l c t  c.r.cs: (Figut-cs 8, 0 ,  and 10). 

Water from the junction shuft flows through the tunnel and r r ~ t  
gates into the ~ \ d a r r ~ i n n h y  Rc.r;e~.voir. iZ shaf t  opproximutely %O a feet 
deep at the Ada~~linttby Ilt:sc!rvoir provides ~ccu:iti to the t\~rltr#l cotla 
trol gates and would serve 1u vent a n y  i l l  t. ontraintd in  tka tunnel flaw, 
However, any air collected ulol~ll the top of tire t unne l  might be re- 
leased with explnsive iorcc up thc sha f t  to cuuae n ~urgilla which 
might damagc the c o n t ~ . o l  i':ic i l i t i i : ~ ,  or  ralenstcl into A r i r ~ n ~ i ~ l ~ t b y  
Heservoir to ( : u s e  w i ~ v c s  ;.l~ici ~lst:;s!irlc r51-nsion nf tttt? butrltn In tho 
vicinity of the i,o~t:il. Sir~c.c? tlit:  f i j tBt :  c?;; i~r.t:r)n-rp~tny brg alrafr w i t -  t4t i  
!case could n o t  l.111 prc::iil:trri i r:!tn Ifiu i1nlnlI wr:alc rnaclnl~ ulrtl I I~n l luc i  
informati011 of' i I r i  adverst: 1 8  ltl.:rc tb:i:i i~vfiil:ih\i?, tho ft'tlt3 mt\~k4~tl~r@tI 
illlet was i i b c u ~ r i o ~ i ~ d  a f ~ d  :r t ' r . . i i j . ~ - : : ~ l t * : l  j)IIC':i:,Ut'fi ~ t ~ t l f t  WUM t . i t $ l t t ~ ! t ~ j  ~'CII '  

S ! . I IC~Y.  l I i > i v e v t r ,  1 1 1 1 i ~ L ~ ~ i  i t i ~ ~ t l l  b b . c r *  :I: ~ I > f i f ! ~ * ~ ~ \ t i t > ~ i g i  W e t a @  tI it i~I@ [U I' 
tile free-flou conditic)n dl l r j  ! ! t i :  ~ ' c : : ; t : ! l * >  &:'ill ~ C C  ( I~MCIHNU~ i t \  t\\i8 l't)" 
por t .  

inlet cre:;t fret. i i o ~ . ,  - ti. I,! 1 %  L I , - .  t i 1 1 t : l  .+ i t  i ~ t : t t ~ t * i $  ~ t \ b  tq~u~+uiad ~ I I  - 
- 1 3 -  fl-~?t?-flow, the : ! : i p ~ ~ b -  CI! \!*;*it !. v:~L; x t ~ ~ ~ b ~  ! ~ : ~ l i . ! ~ y  L : c ) I \ ~ ~ I ~ ' ~  1 ~ ! 1 t \  [ t i @ @  f6'0kl1 

the interior surface of the ir i:r*l .  'I1l!lc, \ r ~ t ! , t  hit? flow ~~:ll$il i  t ) ~ ~ \ \ l * t ' t 3 ~ 1  
f o r  nearly all discharges t o  thL n~;\xini~~~n of: 0, UQQ c fa  (P'lg\~r@ log), 
T l ~ e  changing flotc c:nnditior~s c3f of~c: o r .  r t i t r t - 0  rl:lppa# c~rtlcl ctrlrlr! \In. 
desirable vibr.:itiou of t l l v  i~+lr*C . ; t l S t l ( : t  .#r.c. ' ! ' l~lr; type or Irilnt k~tt'ktt: a 
ture was not coasicicrecf suil,ltliv: 1 0 1 ~  :'i ec-1 l o w  opcrutjrrri, 



in the shaft  with r e s p e c t  to the pond-water level  to prevent  air en-  
t ra inment  w a s  difficult because  a i r  quanti t ies ent ra ined in model  flow 
do not r ep r e sen t  the l a r g e r  quanti t ies that a r e  p r e sen t  in  prototype 
flow. T h e  lower  velocity and l e s s e r  degqee of turbulence in the model  
a t  the in terface  of the air and wate r  within the shaft  a r e  the ,pr incipal  
r e a sons  f o r  the lack of s im i l a r i t y .  ; 

I 

A known flow was  passed  through the inlet while the shaf t  l eve l  
was  controlled by the gate  in  the d i scharge  pipe .  T h e  differenr,ial 
l eve l  was  obtained with point gages  when no entra ined a i r  was  visible 
in the flow down the plas t ic  pipe shaft .  An approximate  maximum 
dif ference of 1-foot prototype f rom pond level  to shaft l eve l  without 
a i r  ent ra inment  was  indicated by the 1 : 2 1 . 6  s c a l e  model  f o r  d i s cha rges  
f r o m  1 ,000  to 9 ,000 c f s .  Air  en t ra inment  is l ikely to occu r  a t  a 
re la t ively  s m a l l e r  d i f ferent ia l  in the prototype because  of the m o r e  
turbulent flow. 

Operat ion of the inlet  with bulkhead gate  openings submerged .  -- 
T h e  opening of the cyl inder  gate t o r  submergence  of the inlet  w i l r b e  
re la ted  to the pond leve l  and-the shaft  w a t e r l e v e l  by a f loat -operated 
mechan ism connected to the gate  hois ts .  T h e  model  inlet  was  oper -  
ated submerged  to obtain the difference between the pond and sha f t  
wa t e r  levels  o r  the l o s s  of head a c r o s s  the bulkhead gate  openings.  
T h e  l o s s  of head w a s  obtained f o r  d i s cha rges  represen t ing  up to a 
maximum of 9,000 c f s .  T h e  head l o s s  cu rvc  was  obtained by taking 
wate r  su r f ace  read ings  with the bulkhead gate openings s u b -  I 

me rged  the  equivalent of 1 foot (Pond level  3895) a t  3, 000 c f s  and 16  
feet  (Pond level  3910, c r e s t  of d ivers ion dam)  a t  9,000 c f s .  T h e s e  
head l o s s e s  which ranged f rom 0 .21  to 2 . 1 7  fee t  (F igu re  11) were  
f o r  u se  in designing the gate  con t ro l s .  

Flow conditions we re  t ranqui l  i n  the inlet and pond f o r  the sub-  
merged  ope ra t i o~ i .  A sl ight  surgirig and su r f ace  roughness  occu r r ed  
within the shaft  ( F i g u r e s  1 2  and 13). Smal l  vor texes  fo rmed  within 
the pond outside of the inlet s t r i ~ c t u r e  at the maximum d ischarge  of 
9 ,000 c f s  with a pond level  of 3910, but none formed within the shaf t  
and no air- w a s  entra ined in the model  flow. T h e  wate r  level  outside 
the inlet s t r u c t u r e  was  p rogress ive ly  lowered fo r  a constant  d i scharge  
represen t ing  9, 000 c f s .  At a level corresponding to pond elevation 
3901 the vor texes  that formed a t  the bulkhead ga te  o p e ~ ~ i n g s  entra ined 
bubbles of a i r .  When the pond level  was lowered to cor respond  to 
elevation 3896, (2-feet  prototype above the top of the bulkhead ga te  
cperi i~lgs)  Lhe openings were  n o t  submerged and  a vor tex fo rmed  a t  
the center. of the shaft  and entrained a i r .  Operation a t  a d i s cha rge  
of 9, 000 c f s  f o r  pond levels  below elevation 3906 is not contemplated.  

* 
Flow conditions in the inlet  w e r e  sa t i s fac to ry  when sufficient 

submergence  was  maintailled. The  submergence  was  sufficient f o r  
d i s cha rges  up to 3 ,000 c f s  when the pond was  kept a t  elevation 3895. 
T o  mainta in  the p rope r  submergence  f o r  d i s cha rges  f r o m  3,000 to 
9, 000 cfs ,  the pond elevation had to be r a i s ed  f r o m  elevation 3895 
to 3910 in d i r ec t  proport ion to the d i scharge .  



I J c s ~ r l p t i r - ~ r ~  o f  i ; . ~ f ! : * :  - -  I : i : ~ ! ~  plan f o r  ~ .egula t ing the flow of 
...-.-*...-..-a ---. 

L \ ~ : ~ ~ ~ T E ~ E I T U I I ~ : _ ~ ~  lo;) I2c,t1r.! t:? i ! : ~  :id., 11.1 innby ?'un!rel was to p r ~ v i d e  a 
control at  the si:afl inlet. This i:otltrol would exclude air  f i o m  the 
> i i L l f t  a ~ i d  tlic ; v i l r t : ~ .  i . r 4 ~ : l c l  ; . i l l  11: !tic .-,11aft it;hc~.c its tijeclur action 

0 1 1  t i  , . I  , ! . ! ~ . J  : I .  11. ~chc tna t i c  
model of t h e  ~ ~ r . ~ p r ? ' , t # r ~  c : r > r ) t l  : , , , * ; ~ ! ~ : > i i ' t l ~ : t ~ d  t~ dc:rl?orlstrate the 
ctlaracteristic:~ (41 S U C I ~  ;L 11~:.-;1,5i! ( : ~ ' I ~ I I T ' ~  14 ) .  .4 l - l /2- inch sharp-  
i.tl:,ed orifice ~ t . l , i s  used t.c> I cpr.ck.scxnt the (c:o~?t~,ol. A 6- inch  inside- 
til,irnt.lel. pip? 1; 5 f1:t.l ' 8 . 1 , ; :  :.i:l,tA tL.-,i,-~lt*:d tile3 v(:!-LIc:,FZ sI1:~ft. TWO 12-- 
i ~ l c h  centrifug.~! I;..::II>A ii! .%:.:*it:.-. :-:.1>i:lii;ti 11,;itts~ t o  Iht- orifice through 
;t 6 - i n c h  Ve:-;ti,ri liieti.7. u s ~ a  t i > 1 2  ~ ~ ~ e , i s ~ ~ r i n g  the f ' l u t ~ ~ .  'l'twre was in- 
:;i~.fficient heip!: of i':ill :!I tizc d..iti,rCltc;i'3: tc'i overconlc pipe losses and 
reduce the p r e s s u i - e  doilins trean: oi the orifice to vapor pressure;  there- 
fore ,  an 8-inch iurbiilc p u m p  attached to the iower end of the pipe 
t i )  \q;iti~dr:iv; \v;,t 21. :u:d pr-odi,c.ca t hc  rfesire(.f V ~ C I I U ~ ~ .  A g8.g" glass  
w i t h  tile upper e i l~ l  attLicherl tr: .i piezometcr in the p ipe  approximately 
! -1/2 feet ci~\~; ,~strc:zn~ of the olsific-c and with the lower end attached 
it: snother p i e z o ~ ~ ~ e t e r .  18 feet I,e!ou ttic orifice gave a visible indi- 
c~ition of the  it^' I t-vci  w i t l l i ~ i  tikc ti.-inch pipe, 

k'lodel opt:r:?rio;:. --A j u t  ~;f  ~vclter i~riving a vclocity of approx-  
imately 110 fet:  pel- ::,ec.cjrld w,~:; rIisci~nrgcil from the  orifice down 
ti?(. pipe. T h e  l; iptb d o ~ l ; ! ; ~ t ~ . ~ ~ ~ ~ i  f:.t>il;.ltie orifice flowed f u l l  unless 
t l ? ~  turbine p u m p  ivLts apcr3teci. ?'he \vatel- level could be adjusted 
throughout the let~gth of the 6-in;;h pipe by controllirlg the discharge 
from the 8 -i:i(-n t;lrt~l:lt? !~u~r-ip. ~ , r c s s u ~ - e  of 9 inches of water, abso- 
Lutc, ~ ~ l ' r o i : r ~ ( i ! ~ . ; -  t i i f '  jt!! i:otilCI t r c ,  0 1  t , t i~ietl  by pumping the water from 
tiit :  t; - inch p ~ p c .  

F l o w  ~ t i ; t i - * l i  t +'ri.iti(::; oi I I ~ O L ! , ? I  . - -'The jet o f  vvatel- had the same 
--------A- -. .- . " - --- -----.-. 

r . -  : . - I t ~ t , : , : i s p : ~ i : r i ~ .  [ I  1 essurc  and had a 
divesgeiic;: rantl> ( ! .,t>l.>~,! I: 5Ci. I! :.cg:i!:li. slirf:ictt eruptior~s were 
i s l e  i t  t i  2 :  i t :  i r e  1 )  Thesc surface erirp- 
f . - :21 i s  la:,:rt I)I  e> ~ i i i , . l , t ; ,  :..,'J.;~:I! ii; ~.~I?IJ~I~(X:! ~ i l t 1 1 ~ : -  or ig i l la t i~~g in tile 
j,~p;-" sjrst tr in  up:;^^ t-. ; I !  I , ;  th:: c ~ r . l l ,  ,tr!.l riot lzy t h e  vaclluni s \~rrourid-  . - 
:!;!: the jet. !,f, . , i \  ' r l i l ~ t  ,~* ;1. - ,  r : ~ ; i ( X t b  t f i  r c :~ i~ : t .e  tile t~irhult?ncc I~ecause 
L C I  rl~a1t:nr I., ..: {:I, L I >  c ~ c . t - ~ ; r  l i l  : ~ t , .  i ~ ~ r - g t .  c:ont~.oI of 511is i y ~ ~ e .  

l'hc c:h'~~,;:.:ti:,.<i:.i ;I: ~:ui:;~: U I  1:.c:iit..1lii.;rl -::::as t~fr;irt.f i r i  t h e  ti-inch 
i;ipc tht-: rpf~i( ; r !  I.# 1 1 ( :  I - : :  ib,(: j..'+ t7 . . ,  pe:-:::t;-ati:ri t he  wl;te~.. 'The r~iaximum 
l:.;vc.il o(?~:ii"t'c<! . . i t . ' ! :  t i l t :  ir:rtt,!, V:al , i i l .  t:irl:-i~irlec: by ltle v ~ c L L ~ ~  jet c01- 
i:.i;::<ecl 5 4 - C s ; r  !t::..::t!: I : ~  t : ; : ; ! i , : . ; -e<j  1 4  l e ~ t  i>t>i(.)itf 111~ i>lvifice. 
f3~.!:;tii:sc oi' t i i t : .  ; ~ t i i i t : , !  L i.,i:~,;ii!i.t!ir~g :; \ : , ; I  i t ) .  cf t h e  1.1 t-ass pil,t', the u s l e ~ l t  
o:. ;:tre:~ of : ~ I : ~ ~ x I ~ : ! ~ I I ~ ~  i : . i t c i ~ ~ i ! ~ t  < . f . j i j i i ] ~ : : ~  o f  k j i ~  ( : ; ~ v i t i e s  the p i p e  
1 I I 1 i :'! sc.crior~ 121' plastic pipe, nppros- 
i t e  - 1  / I  : :  : r ! .  i ( , . ~ ! -  I~l;rr 1 4 .  2 f e r? t  below thc? orifice 
tl:) f:::ililate ot;st:~.v.it i i ) i  t::' t 1 : c r  . ' ! I ,  :: ~ ( : t  ioti. 'T!lt. f l o w  in this pipe 
appeared lo be v e r y  1 ~ 1 ;  t>~.:lur~: ~iti;;tii:.... ... of water an(:! vapor  cavities. 
Eiigll-speed mnvii::? Lhr.ori;;h i t . 1 ~  i , l ; : \sti t :  l ) ipe  tiisl:losed a t u r b u l e n t  mix- 
, I : :  : t i :  . . , ! ~ ! i l ! l . ~ .  tl1,~tiresitly 



coAcentration of collapse could be detected. T h e  maximum noise 
seemed centered 2 o r  3 d iameters  downsiream of the jet and water 
junction. W i t h  the wa te r  level in the pipe ~ c ~ n t r o l l e d  by a valve in 
the 8-inch turbine, pump discharge line, the jet-water junction was 
maintained near  a level 12 feet  below the or i f ice .  A 2-foot length of 
concrete-lined pipe was placed to begin a t  and extend below this 
elevation to test  for  e ros ion  by cavitation (F igu re  14). 

T e s t  for  cavitation erosion. - - A  rapid e ros ion  of the concrete 
l iningby cavitation was  expected because of the relatively high noise 
level when compared to other  laboratory cavitation apparatus.  F o r  
this reason it was not deemed necessary to  photograph the surface 
of the concrete in detail  and only an over-all  photograph of the in te r ior  
was taken before the tes t .  After 25 hours  of operation with a jet 
velocity of 110 feet p e r  second and a p r e s s u r e  of 9 inches of water 
absolute, the test  sect ion was removed and inspected. No damage 
definitely attributable to cavitation could be detected. Before r e -  
placing the pipe for  additional testing four  a r e a s  chosen a t  random, 
two at  each end, 90' apar t ,  and 2 inches f rom the pipe ends, were 
photographed through a microscope a t  12 t imes  magnification. The 
2-inch distance was l imited by the photographic equipment. Photo- 
micrographs were again taken a f t e r  75 hours  additional testing (total 
of 100 hours) because no increase  in damage to the surface was 
evident to the naked eye .  The photographs disclosed a change in the 
sur face  texture near  the top of the pipe where the cavitation seemed 
concentrated. Small  holes in the concrete a t  2 5  hours  were enlarged 
a f t e r  75 hours  more testing Small amounts of the sand-cement 
m o r t a r  were removed and the texture of the sur face  seemed to have 
a spongy appearance charac te r i s t ic  of cavitation erosion (F igures  16 
and 17). The concrete s s r f a c e  photographed a t  a 2-inch distance 
f rom the bottom of the pipe was essentially unchanged (F igures  18 
and 19).  Although no erosion of la rge  magnitude occurred, the sma l l e r  
fo rces  of the model compared to those of the prototype, the charac te r -  
ist ic noise of cnviiatioil in the model, and the slight erosion of the 
concrete  surface in the region of cavitation concentration led to the 
conclusion that this type control was not suitable for the junction 
shaft  of the Eucumbene-Turnut Tunnel. 

An enlargement of the shaft in the cavitation regiorl might make 
this type of control suitable fo r  a n  installation where the shaft water  
level i s  relatively constant. Zuch an enlargement would cause the 
cavity collapse to take place in the flow away f rom the shaft surfaces .  
Such an enlargement was not feasiblc for  the junction shaft since the 
water  level will %. .\. a lmost  the full length of the shaft. 

The  Junction-sh,:: ... - C'ylinder Gate--Prel iminary Design 

Descriptiorl model. - -A cylinder gate located at  the junction 
of the shaft and t n-emed the most feasible discharge control. 
A 1: 18 sca le  model of the gate a11d gate chamber  was constructed 
f rom a preliminary design.  The  model consisted of a 12-inch inside- 



gate formed and machined from b ras s ,  a gate chamber  formed by 
two plastic transitions, and a 6-foot-long tunnel section of 14-inch 
inside-diameter pipe (F igu re  20A). The 14-inch pipe was connected 
by a 3-foot-long r educe r  to a length of 12-inch pipe containing a valve 
fo r  controlling the back p r e s s u r e  on the model. Water supplied to 
the model f rom a 12-inch centrifugal pump was measured  by venturi 
m e t e r s .  v 

The cylinder gate model was constructed to facil i tate disman- 
tling and removal f rom the gate chamber t ransi t ions (F igures  20B 
and 21A). The transit ions were formed of 1/4-inch plastic to permit  
observation of flow f r o m  the gate (Figures  21B and C). P las t ic  tubing 
was attached to the gate-leaf piezometers and extended through the 
plastic transit ions to allow a f r e e  gate movement (F igure  21D). 

Initial testing and observations.  --The model was operated a t  
head differentials based on the computed head l o s s  cu rves  fo r  the 
tunnel between the cylinder gate and Adaminaby Reservoir .  A value 
of n = 0.10 was used to determine the back p r e s s u r e  in the tunnel at  
the base  of the shaft fo r  discliarges to 9,000 c f s .  Using the differ- 
ence between the maximum normal  head available a t  the shaft inlet 
and the computed back p res su re ,  gate openings were  determined for  
d i scharges  ranging f r o m  0 to a maximum of approximately 9,000 cfs. 
T h e  gate opening for  a par t icu lar  discharge was  obtained by adjusting 
the model gate until the computed differential f o r  that discharge was 
attained. With an increasing discharge, the tun?el back p r e s s u r e  
would increase and the shaft  p re s su re  decrease  such that the tunnel 
becomes the discharge control  a t  approximately 9,000 c f s  (Figure 22). 
T h e  plastic transitions of the model were not s t rong  enough to with- 
stand the scaled static head, approximately 13. 9 feet  of water  (250- 
feet  prototype) s o  the ga t e  opening for  a given differential  and dis-  
charge  was obtained by adjusting the gate to give the proper  differ- 
ential  with reference to  a constant tunnel back p r e s s u r e  of 3 . 3  feet 
(model) which kept the ga te  submerged. Flow conditions f rom the 
gate into the gate chamber  were  made visible by injecting smal l  
amounts of a i r  into the water .  P r e s s u r e s  were measured  by open 
tube water  and mercury  manometers  and reactance-type p res su re  
ce l l s .  

Pre l iminary  tes ts  and observations of the gate  model disclosed 
no adverse flow conditions that would require  ma jo r  changes to the 
design. P r e s s u r e s  measured  within the gate s t ruc tu re  were  above 

I atmospheric o r  positive with the exception of those on the gate seat .  
Negative p re s su res  of 18  feet  of water on the s e a t  indicated a change 
of shape to be necessary.  P r e s s u r e  fluctuations were  evident in the 

I gate chamber  a s  the jet energy w a s  dissipated, but no movement of . 
the model gate was discerned in the preliminary t e s t s  in which #the 
gate was suspended on three  1/4-inch s ta inless  s t e e l  r o d s  18.5 inches 

I long. 

i 



0 

a t c r  from the junction shaft passes  radially between s 
L 

$t;~sWfrom the gate into the gate chamber and flows (downstfrearn) 
toward the Adaminaby Storage Reservoi r .  T h e  prel iminary gate 
chamber  transition toward Adaminaby Reservoi r  had been tapered in 
plan view to converge at  a 10' angle in the direction of flow. It was 
designed to aid in direct ing the flow from the gate  to the tunnel toward 

v Adaminaby with a minimum of res is tance.  T h e  forcing of the water  
to flow through the tunnel in one direction caused an unbalance of 
hydraulic p re s su re  on the gate.  A tes t  was made to determine the 
magnitude of the unbalanced p res su re  for  use in designing the gate 
guides.  P r e s s u r e s  w e r e  taken b y  piczometers a t  s ix  points on the 
gate, one each upstream and downstream at elevations 2 feet, 6 . 8 8  
feet, and 11.38 feet above the gate lip. 

A p re s su re  unbalance, measured a t  the top piezometers ,  varied 
f rom a maximum of 1 foot of water  in the upstream direction at 2,500 
c f s  to a maximum of 2 feet of water in the downstream directian at  
9, 000 cfs .  T h e  unbalanced p r e s s u r e  a t  the middle piezometers  varied 
f r o m  a maximum upstream of 1 . 8  feet a t  5,000 c f s  to approximatel_y 
0 a t  9,000 cfs .  The unbalance a t  the bottom piezometers  was a maxi- 
m u m  of 1 . 5  feet  upstream a t  7,  000 cfs  and varied to 0 a t  9,000 cfs .  
These  smal l  p re s su re  differences were  not considered objectionable 
s ince  the change f r o m  a p r e s s u r e  upstream to a p r e s s u r e  downstream 
occurred gradually. 

The need for the 10' convergent transit ion was investigated be- 
cause,  structurally,  the reversed  curve transition of the Tumut s ide  
of the gate chamber offered g rea t e r  strength a t  a lower construction 
c o s t .  Since there would be no flow in the tunnel upstream from the 
gate, i t  was assumed that the 10' transition would s imulate  the up- 
s t r e a m  portion of a ga te  chamber  with symmetr ical  reversed-curve  
transit ions without modification to the model. Therefore ,  the model 
gate chamber  was tes ted in a reversed position (F igure  23A) .  

The m a s i m u n ~  p r e s s u r e  u n b a l a ~ ~ c e  on the top piezometers  w a s  
2 feet  of wa te r  upstream at 3, 500 c f s ,  0 at  5, 300 cfs,  a maximum of 
1. 7 feet downstream a t  6 ,  000 cfs, and 0 .5  foot downstream a t  9, 000 
cfs .  The unbalance a t  the cen te r  piezometers reached a maximum of 
3 feet  upstream at 6, 000 c f s  and decreased to 2 feet a t  9,000 cfs.  The 
unbalance a t  the bottom of the gate was 1 foot upstream a t  3, 000 c f s  
and 7 .20  feet downstream at 9,000 cfs .  The maximum unbalance r e -  
corded in e i the r  tes t  was 7 . 2 0  feet .  This value was considered sa t i s -  

, factory and a gate chamber  of two 21-foot-high t ransi t ions with their  
s emic i r cu la r  walls aligned on '23-foot-radius r e v e r s e  cu rves  was 
accepted for  the fir:al design (Figure 2 ) .  

Coefficient of d i scharge  for  pz.eliminary cylinder gate .  - -A cali-  
bration of the gate model indicated more  than adequate capacity f o r  
the maximum design discharge.  Discharge coefficients were  com- 
puted from model data,  which included the discharge,  the p re s su re  



t h e  gate seat, tb.\ fi;tto operiing, and tile pressure  11ead in the 'tunnel 
53. 1 feet dovrnstrerln; of the s h a f t  center line. The equation used 
w a s :  

. , - :!re;: of inl:'t ;ii;;t, ;qLinrc fee! 

H = difference i n  total head (pressure  head plus 
velocity head in feet of water) between shaft 
and tunnel measuring stations both referred 
lo the tunnel center  line 

g = gravity = 3 2 . 2  

The coefficient of discharge reached a maximum of 0 .90  at an 
8.5-foot gate opening and decreased to approximately 0 .73  at a 10,8- 
foot nlaximum opening (Curve a, Figure 24). The decrease in the 
coefficient over the range of ci~ening f rom 8.  5 to 10. 8 feet indicated 
that for  a given difierential !lead, a loss in capacity would result  by 
opening the gate beyond 8 .5  feet. The maximum coefficient of 0.90 
was higher than anticipated, and with a reduction in coefficient for 
gate openings greater  than 8 . 5  feet, i t  was reasoned that the gate 
travel and thus the gate height could be reduced. The cause of the 
reduction in coefficient was f i r s t  determined. 

An abrupt erllarge~nent 01 the flow passage from the inside diam- 
e ter  of the shaft to the inside diametcr of t h e  gate occurred at the 
bottom of the lower f rame (Figure 24B). It was believed that the flow 
lines in this expanded rcgior; varied with the gate opening and influ- 
enced the contraction under the gate. 12 change in flow lines and 
thus in the contraction occurs a s  the gate i s  raised and i ts  bottom 
edge approaches the or'fsel. A s  the edge reaches a point where the 
contraction i s  influenced by t h e  frame., the contraction increases and 
the discharge coefficient i s  lowered accor.dingly. This  ilction was 
indicated by the behavior of the pressures  on the  bottom surface of 
the lower gate f rame.  When referred to the same datum these pres-  
su res  were higher than those on the top of the gate for gate openings - 
up t~ 7 feet, equal to them at the $-foot opening, 5 feet l e s s  at an 
8-112-foot opening, and agaill equal to them nl a 10-foot opening, 

The lower frame of the n~odel  gate w a s  extended downward the 
equivalent of 2 . 3  feet to ascr:rtain if the coefficient curve was a 
general shape for an abrupt erllargement from the frame inside diarn- 
eter  to the gate inslde diameter.  The coefficient curve obtained for 
this arrangement was of the same general shape a s  for  the initial gate 
but with the maximum discharge coefficient of 0.83 occurring at an 



of this test it was concluded that the sudden expansion and its posi- 
tion with respect to the bottom of the gate were the main factors con- 
tributing to the shape of the coefficient curve. Two solutions to the 
problem were possible; either a tall gate with the opening limited to 
that where the discharge coefficient was a maximum, o r  a shor ter  
gate, with the sudden expansion ,-educed and the relative maximum 
opening increased. The smaller  gate was desired because of its 
lower initial cost. 

A gradual expansion from the inside diameter of the shaft to the 
inside diameter of the gate seemed most desirable since this would 
make the expansion effective throughout the f u l l  gate travel, prevent 
the inner edge of the lower f g m e  from influencing the contraction under 
the gate, give maximum capacity at full gate opening, and make the 
gate height a minimum for  a given discharge. Structural limitations 
prevented the use of such an expansion so  a compromise was neces- 
s a r y .  An expansion of the 4-foot-long lower gate f r ame  from the 
18-foot diameter of the shaft to 18 feet 11 inches was la ter  represented 
in the model, tested, and found satisfactory. The test  resul t s  a r e  
discussed in a subsequent.section of this report .  

P r e s s u r e s  on preliminary gate seat shape. --Except for  those on 
the gate seat,  the pressures  measured in a reas  of the moc'Li gate 
where subatmospheric pressures  were most likely to occur were 
above atmospheric. Subatmospheric p ressures  of approximately 18 
feet  were recorded on the gate seat for a discharge of 5 ,400 cfs and 
a gate opening of 1. 15 feet (Piezometer 38,  Figure 25) .  A s  water 
flowed across  the gate seat,  the discontinuities of the seat  in the form 
of steps caused a tendency toward flow separation and a reduction in 
pressure .  The gate seat  was not considered satisfactory because of 
the subatmospheric pressure  of 18 feet of water. 

Study of seat  shape using low-velocity a i r .  - - A  low cost two- 
dimensional a i r  model of wood to a 1:4 scale was utilized for  the study 
of the seat shape (Figure 26) because the dismantling and machining 
of successive gate sea t  shapes for  the hydraulic model would have 
been time consunling and expensive if several  shapes were involved. 
A section representing 2 feet of the prototype seat was studied in the 
a i r  model. Pressur-es on the gate seat  were measured by piezometers 
and the total head by a Pitot tube. 

Since the jet from the gate was submerged by water in the gate 
chamber, the co~lditiotl was represented by the jet from the a i r  model 
discharging into atmospheric pressure .  There was one main differ- 
ence however; the a i r  jet was not confined by walls representing the 
gate chamber, and thus currents  adjacent to the gate were not the 
same.  An incomplete but satisfactory correlation was obtained by 
the use of pressure factors  from the following equation: 
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- piezometric head i n  the critical a r ea  of gats seat 

_ -  ?El - pressure head  into which jet discharges a 

and 

KT = total head in shaft, pressure plus velocity head 

The minimum pressure  indicated by pressure  factors  from the 
a i r  model was approximately 2 . 5  times that for the water model, while 
the gate opening at which the pressure occurred differed by 0.5 foot 
(prototype) (Curves a and b, Figure 27). The greater  reduction of 
pressure  in the a i r  model was attributed to the absence of the gate 
chamber walls. In  the water model a portion of the jet from the ate 
flowed down the gate chamber walls and up the gate pedestal. ~ h f r  
circulating flow, deflected the water jet from under the gata upward, 
partially relieving the subatmospheric pressure  on the downatream 
side of the seat. This actian was less pronounced on the air model 
because of the difference in confinement of the gata flow, A mhort- 
ening of the gate seat base on the downstream side in the air model 
(the equivalent of decreasing the pedestal diameter) resulted in a 
minimum pressure  factor of approximately -0.45 for  the water and 
air models. The gate openings for  the minimum prearsure factors 
differed by approximately i . 0-foot ,prototype (Curve  c, 
The water and a i r  models still did not give identical rerults, Figure but a71 
a i r  model was satisfactory for indicating feasible s e ~ t  shepea. 

F o r  small  gate openings, a i r  injected into the dilrchargs of the 
water model flowed downward along the vertical side of the $&te 
pedestal. The cause of this flow condition was not understood until 
a s imi lar  flow action was observed on the a i r  model, For gat@ opena 
ings to approximately 0.5-foot prutstype i n  the a i r  model, the jet 
could be forcibly deflected from a horizontal direction to a downwerd 
direction across  the gate seat base (X toy, Figure 27A), \vhir?h might 
have occurred naturally if the gate chamber confinement had been Pops 
resented in the model. The a i r  i n  the area downstream hnd adjabeht 
to the gate seat was rarified by the deflected jet and ta pres$ure in&- . 
eating cavitation occurred at the gate seat ,  The jet flawed in a down- 
ward direction until i t  was aerated to relieve the  negative preacrure, 
Cognizance was taken of this c r i t i c d  range of openings in aubrequrnt 
tests. 

I 



and a 450 slope downstream. - -P res su res  were  measured on a gate 
sea t  shape that had a ver t ical  upstrean1 face with a spr ing point 9 
inches above the gate pedestal, a 1-1 /4-inch flat section on which the 
gate seated, and a 450 downstream sloping face (Shape 2, F igu re  26C). 
P r e s s u r e  fac tors  computed f rom the measurements  made on the 
seating surface and the 450 slope disclosed the shape to be sat isfac-  

I tory except a t  the sma l l e r  gate openings, 0 to 0.5 foot. In this range 
of gate opening the jet could be forcibly deflected downward where it 
would remain and cause a subatmospheric p r e s s u r e  on the sea t  s u r -  
face  equal to approximately 0.9 of the total upstream head. Th i s  
sea t  shape would be unsatisfactory because of possible cavitation a t  
the smal l  gate openings. 

Seat, 9 inches high, with 200 slope upstream, and 60° slope 
downstream. --P -. r e s s u r e s  were  measured on a wedge-shaped gate 
sea t  that had a height of 9 inches, a t  200 upward slope on the upstream 
face  and a 60° slope on the downstream face extended to the edge of 
the gate pedestal  (Shape 3, Figure  26C). P r e s s u r e s  on this s ea t  were 
above atmospheric and the jet would not flow downward without a con- 
t i n u ~ u s  application of a deflecting force.  Although acceptable f rom 
a hydraulic standpoint, the shape was undesirable because the gate 
must  sea t  on a 20° sloping surface.  Machining and setting of the 
gate and sea t  to provide a satisfactory sealing surface would be 
difficult because of the angle of the sea t .  A soft mater ia l  such a s  
babbitt o r  rubber  inserted in the slope would be undesirable should 
it loosen and be removed b,y the flow of water .  

It was concluded that a vertical  o r  nearly vertical  downstream 
face  on the sea t  was desirable,  that the downstream face of the sea t  
should be close to the edge of the gate pedestal to prevent subatmos- 
pheric p r e s s u r e s  on the sea t  and that the upstream edge of the sea t  
sflould be rounded. These  fac tors  were taken into account in se lec-  
ting a gate sea t  for  fur ther  study. 

Seat with two rad i i  curve upstream of sea t  surface.  --Radii of 
2-1/8 and 6-1/2 inches were  combined to form a compound curve  
on the upstream edge of a 9-l/2-inch-high gate sea t .  A 2-318-inch 
flat section tangent to the 6-112-inch radius  provided a horizontal 
seating surface.  The  width of the gate seat  was 7-118 inches and the 
downstream face was vertical .  Operation was sat isfactory a t  a l l  
openings except for  the range between O to 0.6 foot. Severe vacuum 
pres su res  were encountered on the downstream side of the sea t  when 
the jet was forcibly deflected downward and remained in that position. 
(P iezometer  6,  F igure  28). 

The width of the gate sea t  was increased from 7-118 inches to 
10 inches in an attempt to eliminate this condition. The  jet could 
s t i l l  be forcibly deflected downward and would continue to flow in 
that direction so the width was increased to 1 1  inches.  F o r  this 
width the jet was stable in a horizontal position throughout the range 
of the gate openings. lVheri the jet was deflected downward and the 



horizontal position t1;ticre press111-cs were satisfactory.  ivith a sea t  
width of l i  inches, the f a s t e~ i i r~g  r,l' the prototype gate sea t  to the 
gate pedestal woulcl bc difficult and a l e s s e r  width was desirable .  
Since the a i r  model r e su l t s  were conservative because of the uncon- 
fined jet (comparison a i r  anci water preliminary design) a gate sea t  
width of 10 inches (Figure 28)  was selected for  installation in the final 
hydraulic model . 
Recommended Cylinder Gate 

Modification of 1: 18 sca le  model. --The hycll-aulic model was r e -  
vised to include the severa l  features  determined from the previous 
tes ts .  These inclutled a new gate scat design, a deflector curtain 
around the gate r e c e s s  a t  the top of the gate chamber,  a reduction in 
maximum gate opening, an increased gate pedestal height, and an 
expansion of the lower gate f rame flow passage. 

The gate sea t  was the equivalent of 9 - 1 /2 inches high, having a 
compound curve at  the upstream edge with rad i i  of 2-1/8 and 6-1/2 
inches, an over-all  width of 10 inches, a 2-3/8-inch-wide horbizontal 
seating surface,  and a ver t ical  downstream face (F igure  28). 

A 1-foot-high deflector curtain wall was extended down a n d  com- 
pletely around the gate r e c e s s  at the top of the gate chamber  to pre-  
vent direct ,  horizor~tal  in~piilgement on the top portion of the gate of 
water flowing along the chamber walls (F igures  4 and 29A). 

The gate pedestal height was increased the equivalent of 2 feet  to 
decrease  the gate opening and represent  a sho r t e r  gate,  but the model 
gate height was not a l tered because the ex t ra  height was a t  the top 
and always contained within the gate r eces s  where any dynamic in- 
fluence would be s i m i l a r  to t h i ~ t  of t1:r-l shor te r  gate. 

The expansion of the-flow passage in the lower gate f r a m e  sec -  
tion of the model represented a change in d iameter  f rom 18 feet to 
18 feet 11 inches in 4 feet (l'igures 4 and  2 3 3 ) .  T h i s  expansion was 
the maximum which could be included and s t i l l  provide a s t i f fener  
r ing  of sufficient s i ze  to support the I r ame  and sea l  ring. 

Gate discharge coefficient. - - A  maximum coefficient of discharge 
of approximately 0.83 was 0bt:tinr.d i it  the -ma>;itnu~n design gate open- 
ing of 7 .  5 feet (Figure 29) .  rit a11 13.0-foot ope~ling, which was the 
maximum obtainable on the model, tilt. coefficient increased to 
approximately 0.84. A further. expalision of the lower gate f r ame  
passage would probably have inc%reased thc coefficient of discharge 
between the 6-  and 7.5-foot gate openings, but the expansion was not 
practicable; moreover ,  the g:;te ca;~acit,y was  adequate and a maximum 
at full opening. 



and s l ight ly  l o w e r  than  the  sha f t  p r e s s u F e  w h h  both pressu . res  r e f e r r e d  
t o  a c o m m o n  d a t u m .  T h i s  i n d i c ~ t e d  a reduc t ion  in p r e s s u r e  as the 
f low expanded to the  p a s s a g e  ins ide  tho ga te .  T h e  expans ion  of flow 
and the  r.eduction in p r e s s u r e  w a s  g r a d u a l  and did not  c a u s e  a d e -  
c r e a s e  in the  ga te  c a p a c i t y  a t  the l a r g e r  openings .  Apparent ly  the  
i n n e r  edge  of the bot tom s u r f a c e  of the  l o w e r  f r a m e  did not  inf luence  

, the  con t rac t ion  unde r  the  g a t e .  O p e r a t i n g  c u r v e s  f o r  t he  r e c o m m e n d e d  
des ign  m o d e l  and the  p r e s s u r e s  a t  the  l o w e r  f r a m e  and g a t e  jurlction 
a r e  shown on F i g u r e  3 0 A .  T h e  expans ion  of t he  l o w e r  f r a m e  f r o m  
1 8  f e e t  to  18 f e e t  11 i n c h e s  in d i a m e t e r  w a s  s a t i s f a c t o r y .  

P r e s s u r e s  on g a t e  s e a t  s h a p e  with 2-118- and 6-112-inch r a d i i  
a t  u p s t r e a m  edge .  --No s u b a t m o s p h e r i c  p r e s s u r e s  w e r e  m e a s u r e d  in  
the  w a t e r  m o d e l  on the  g a t e  s e a t  with the  u p s t r e a m  e d g e  rounded on a 
compound c u r v e  of 2-118- and 6-1 /2- inch  r a d i i  ( ~ i g u r e  30B).  P r e s -  
s u r e s  a t  P i e z o m e t e r  29  on the  d o w n s t r e a m  s i d e  of t he  s e a t  a t  t h e  
s p l i t t e r  c e n t e r  l i ne  w e r e  s l ight ly  l o w e r  than a t  P i e z o m e t e r  32 l o c a t e d  
in the  s a m e  r e s p e c t i v e  s e a t  pos i t ion  but betweeti  s p l i t t e r s .  P r e s s u r e s  
a t  both po in t s  w e r e  equa l  to  the  tunnel  p r e s s u r e  a t  g a t e  openings  l e s s  
than  0 . 5  foot  and i n c r e a s e d  in a pos i t i ve  d i r e c t i o n  a s  the  d i s c h a r g e  
and g a t e  opening i n c r e a s e d .  With the  10- inch  s e a t  width, w a t e r  did 
not flow down the f a c e  of the p e d e s t a l  a s  o b s e r v e d  f o r  the  p r e l i m i n a r y  
g a t e  s e a t  des ign .  

P r e s s u r e s  m e a s u r e d  a t  P i e z o m e t e r  28 on  the  s e a t i n g  s u r f a c e  
d o w n s t r e a m  of a s p l i t t e r  f i r s t  d e c r e a s e d  and then i n c r e a s e d  be tween 
d i s c h a r g e s  of 0 and 6 , 0 0 0  c f s ,  and  then  d e c r e a s e d  to  a d i s c h a r g e  of 
9, 000 cfs ( F i g u r e  30B) .  P r e s s u r e s  a t  P i e z o m e t e r  31, l oca ted  r a d i -  
a l ly  the  s a m e  a s  P i e z o m e t e r  28  b u t  in the flow between the s p l i t t e r s ,  
d e c r e a s e d  g radua l ly  as the  d i s c h a r g e  i n c r e a s e d .  P r e s s u r e s  a t  P i e z o m -  
e t e r  28 w e r e  l o w e r  than a t  P i e z o n l e t e r  31 to a d i s c h a r g e  of 5 , 0 0 0  c f s  
b e c a u s e  of t he  r educed  p r e s s u r e  ill the  eddy on the  d o w n s t r e a m  s i d e  
of the s p l i t t e r .  T h e  p r e s s u r e  a t  P i e z o m e t e r  28 exceeded  tha t  a t  Pie- 
z o m e t e r  31  by approx ima te ly  20 f ee t  a t  7, 000 c f s .  T h e  p r e s s u r e s  a t  
t he  two p i e z o m e t e r s  w e r e  n e a r l y  equal  a t  the  9, 000 cfs and 20  fee t  
g r e a t e r  than the  tunnel  p r e s s u r e .  T h e  p r e s s u r e s  on the s e a t  a t  
P i e z o m e t e r s  28 and 31 w e r e  s a t i s f a c t o r y  b e c a u s e  they changed g r a d -  
ual ly and w e r e  pos i t i ve  f o r  all d i s c h a r g e s .  

P i e z o m e t e r  30 on  the u p s t r e a m  e d g e  of t he  g a t e  s e a t  m e a s u r e d  
!he sha f t  p r e s s u r e  with the  g a t e  c l o s e d .  A s  the  g a t e  w a s  openecf the 
p r e s s u r e  d e c r e a s e d  to a va lue  of ixpproxirnately 6 0  f ee t  (20 f e e t  above  
the  tunnel  p r e s s u r e )  a t  9, 000 cfs. T h e r e  w a s  no indicat ion of s u b -  
atmosphervic p r e s s u r e  on the g a t e  s e a t  so  the  s e a t  s h a p e  w a s  s a t i s -  
f a c t o r y .  

IJnbalanced p r e s s u r e s  on the g a t e  a long tunnel  a x i s .  - - T h e  un- 
ba lanced  p r e s s u r e s  f o r  water. flowing f r o m  t h e  sha f t  to  Adaminaby 
R e s e r v o i r  w e r e  obtained f o r  the r e c o m m e n d e d  c y l i n d e r  g a t e  des ign .  
T h e  p i e z o m e t e r s  used  to m e a s u r e  the unbalanced p r e s s u r e  a t  t he  top 
of the p r e l i m i n a r y  g a t e  w e r e  now 2 . 3  f ee t  h i g h e r  than the top of the  
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of the prelin~in&-y design.  Tilt. prt:ssures measured  byYthcse piezom- 
e t e r s  were con.c;idc~.ed applical~lt! l)ec:~use in both the prel iminary and 
recommended design, the top of t!'~t: gate is withiri the gate r e c e s s  
above the crown of tho gale chamber .  The  maximum average p r e s s u r e  
~lrlbnlance, rneastc~+ed 11. St:, f'cct ;lSove the lip of the gate, was 0.  7 foot 
for. a gale o ; ~ e n i l ~ g  o f  5. 38 f t 9 t : t  , l i l t 1  i i  discharge of  9, 030 CI'S (F igure  31i\), 
P r e s s u r e s  upstr.cam u ~ ~ d  clowt~strcatn uf the gate on the crowns of the 
gate chamber t r a l~s i t i ons  were plotted along with the pl .essures on the 
gate at these c1evntio1.1~ (Pics:on)t-ters !\, B, 33 ,  and 34, Figure  31A). 

Unbalar~ced prcssurbes  on tile gatc l j .  813 feet  above tile lip reached 
a maximum of appro:ciin;.~tcly G feet i n  a downstl-earn direction at a 
discharge of 7 ,  000 c f s  (1:igul.a :31n). 'Tile p r e s s u r e  unhalance decreased 
to approximately 5 feet at 9, 000 c f s .  The p r e s s u r e  unbalance at 
piezotneters located 2 .00  feet above the lip gradual ly  increased f rom 
0 to a p p r o x i m ~ t e l y  10 feet i n  a tiownst~-oarn direction a s  the discharge 
increased to 9 ,  000 c fs  (1:igul.e 31C) .  1.1 maximum unbalanced p r e s s u r e  
of 10 feet of water  applied uniformly to the projected gate a r e a  would 
not o v e r s t r e s s  the guides and tiius the gate chamber  reverse-curve  
transit ion design was acccptable. 

P re s su lSes  on top and bottorn oi cylinder gate .  --?'he suspension 
of the gate on lift s t e m s  approximately 330 feet  long introduced the 
problem of ver t ical  movement of the gate c a u s e d  by at1 unbalanced 
p re s su re  on i t s  top and botiom sur faces .  A vert ical  movement of 
the gate would 1101 resu l t  f rom p r e s s u r e  fluctuations on the top and 
bottom i f  they were in phase and equa l  in magnitude and occurred s i m -  
iiltaneously al.ourid the gate .  Moven~ent could resillt  if the fluctuations 
occurred simultaneously around the gate i n  phase but unequal in mag- 
nitude, o r  out of phase nilti eclual in magnitude. These  combinations 
were  unlihel-y because of the r:indam nature of titrbulent flow in  the 
gate chamber  a s  the energy ill the gale clisc11nl.ge was diss i l~a ted .  

T o  determine the probak~le dow:ipull fo rces  arid tendency toward 
v e ~ ~ t i c a l  oscillation of the gate, the pressul-e fluctuation i11ld unbalance 
on the top and bottom of the gate were ~nves t iga ted .  Water manometers  
were used to obtain the averiagc: pres su re  differences.  Reactance-type 
p re s su re  cel ls  w e r e  u s e d  f o ~  ohtair:itlg magnitude, ft-ec~ueucy, and 
phase  relationship of f luct~intions.  FJ t.es:;ures wttre measured in only 
one sec t io l~  of the  gate be tv.tcer~ ad juccnt sp l i t t e r s  at three positions 
i n  thc section. Position 1 w a s  dt the ren te l .  line of the lipstream spl i t -  
ter.; Position 2 ,  22-1  /2c1 t o  thc Icft; :cnii PosiLio11 3, 45O to tho left 
(F igure  32D).  

P-'ressur.e cr~t-vc,s for  il;t~zc)rntrte:~s 1 9 ,  15, l l i ,  1 7 ,  a n d  18 iridi- 
cated a uniform press1.tr-e c!istt ibution on the gate top i n  the flow s e c -  
tior) (F igures  32A,  B, nrld C:). I t  W i i 5  t h u s  assunieci that a ulliforrn 
distr.ibtition tvucild occ:ur in the otl~el.  sections of the galt:, but the vnlues 
woilld be progrtrssively lowt7.1- Lowarti t!le downstl-earn s ide because of 
the decrease  in prt.ss\lre it: t ! ~ e  tiir-rctiorl o f  flo\c i n  the tt-ansition. 



rlpproximately 3.5-feet lower than at the top for  a discharge of 2, 000 
cfs; were approximately equal at 6, 000 cfs; and were approximately 
5 feet higher at 9, 000 cfs (Figure 32A). P r e s s u r e s  on the gate bottom 
22-1/20 from the center line of the split ter were in general lower than 
at the top f o r  discharges to 7, 500 cfs and higher than at the top for 
discharges greater  than 7,500 cfs.  P r e s s u r e s  on the gate bottom 450 . from the splitter- center line were lower than the top for  all discharges. 
The maximum difference of approximately 4 feet occurred a t  a dis- 
charge of 6, 500 cfs (Figure 32C). 

From this investigation, it was apparent that a change of loading 
would occur on the gate l i f t  s tems and hoists. Unless the loading 
change occu~.red suddenly, no movement of the gate would be expected 
because the pressure  differentials would be small .  The inertia of 
water mnnomcters tended to damper1 pressure  surges.  To better 
define the pressure  fluctuations on the gate, reactance-type pressure  
cells were attached to Piezometers 1, 13, 18, and 9 (Figure 32D). 

P ressure  cell  measurements--Top and bottom surfaces of cylinder 
gate. --Oscillograms of the pressure  fluctuations for 1,000 c f s  increments 
o f i s c h a r g e  were obtained with the model attached directly to the 
laboratory supply system (Figure 23A). The instruments and pressure  
cells used a r e  shown on Figure 3311. P r e s s u r e  fluctuations a t  the gate 
top and bottom were essentially in phase, but the fluctuation at Piezom- 
e te r  9 slightly lagged those of Piezometel-s 1 ,  13, and 18. There  was 
a difference in the magnitude of the fluctuation, top and bottom. The 
maximum difference of 11.0 feet occurred between Piezometers  13 
and 1 for discharges of 7,000 and 8, 000 cfs.  P ~ . e s s u r e  differences were 
not consistently upward o r  downward but occu~~recl  at  random at the 
two piezometer locations with frequencies varying between 2. s to 5 
cycles per. second. 

t\ question was raised concerning the influence of the water supply 
system on the pr-cssure fluctuations in the model. Some surge w a s  
known to be present in the supply lines; and to exclude the influence 
of the piping system, the model was connect.ed to an available head 
talik with n free water surface. LPater flowed from the 6-foot-diameter 
head tank through a bellmouth entrance into the 12-inch pipe repre- 
senting the 18-foot-diameter inlet shaft (F igure  33A). 

0scillogl.ams of pressure fluctuatior~s were obtained for discharges 
of 2 ,  000, 4, 000, and (5, 000 cfs. The head differential ac ross  the gate 
at the. model discharsge representing 7,  L J O  c fs  w a s  insufficient to pre-  
vent a i r  entrainment into the rnodel from the head tank and thus the 
test limit was 6, 000 cfs .  Although the peak to peak average of the 
pr-essure fluctuations was reduced by approximately 50 percent with 
the head tank, a ~naxilnurn differential of 11. 0 feet was obtained for 
a discharge of 6, 000 cfs.  The frequency of pressure  fluctuations had 
increased slightly with those at Piezometers  1, 13, and 18 essentially 
in phase at f rom 4 to 5 cycles p e r  second. Flucluations at Piezotrieter 
9 had  increased to 7 cycles ~ C I -  ser'ord. Because it was infeasible to 



s t ruc tures ,  the effect of the I)rt.:;r;urt? f luctuatiot~s and their  frequency 
of occurrence car1 be o~l ly  iluiiiitativcly e v a l ~ ~ n t c d .  

Possible  gate movement. --The short  s t e m s  of the model (F igure  
3 1 A )  resttaained the g ; i t c x c l i d  1x91 provide the freedoln of movement 
that would occur oti the prototype gattt? with long unsupported s t e m s .  
T o  demollstrate the possibility oi  a p1.ototype gate movement, the . 
model gate wassuspended on s ~ ~ r i n g s .  The spr ings  for  the suspension 
of the model gate were made to ttave a natural  period of approximately 
5 cycles  per  second to appr.oxirr~ictely ~ : o r r e s ; ~ o n d  with the ir-equency of 
the p re s su re  fluctuations. i t  was assumerl f o r  the purpose of testing, 
that if the p re s su re  forces  welac l a rge  cnough, the gate could move at  
the frequency of the presscl-e char~gcs .  

Operation disclosed that tile rnodel gate moved up  and  down under 
the influence of the p rc s su rc  C : \ I L ? I I ~ ( & S  ivitilin the gate chamber .  The  
m o v e r ~ e n t  was not regular  n o r  ;it a il.equency of the prcss; ,re fluctu- 
ations; but at a random and lower f~.eclue~lcy. Nevertheless,  the p ~ s -  
sibility of a prototype movement was demanstrnted provided (1) the 
natural  period of the gate was near- the frequency of prototype p r e s s u r e  
fluctuations, and (2) the gate hiid sufficient freedom of movement to 
reac t  readily to the p r e s s u r e  c h a ~ ~ g c s .  The model indicated that a 
slight friction applied to the gate s tems would damp the movement of 
the gate.  The  friction at the g r ~ i d c s  of llie prototype gate resul t ing 
f rom unbalanced hydraulic prt:ssllre across the gatc is expected to 
provide ample damping. Instnllation of the prototype gate should be 
carefully checked to cdfirrn t h , ~ t  s i~ l~s tnn t i a l  friction will be  available 
f o r  damping. 

Cylinder-gate Top Seal 

Seal problem.  --?'he c y i ~ ~ ~ d t : t .  gat{:  at the base of tilt-. junction s h a f t  
is not readily accessible  so  s t t ~ c i i i ~ s  w e r e  made lo rrrduct: maintellnnce 
and inspection to a minim~rrrl. OIIC 01 tile s tudies  colicel.11ed the s ea l  
a t  the top of the gate.  

This  s ea l  was designed i t ?  cliininnte co~~t:lc:t of tile gate and lower 
f r ame  that occurs  with high--pr .essure ruljbcr seals;  t h ~ ~ s ,  tile cleclr.;i~~ce 
between the inner sbr face  of t l i e  cylinder gate i'il~d the outer sur face  of 
the bottom of the lower frnrnc: f'o~'rlirr\d an annular space u r  gap between 
the f r ame  and gate (Section M-H, Figure  4) .  The  cleal-ancc gap between 
the s e a l  rings placcd near the top ut' the gate ntld the bottom at  the lower 
frame changes with gale opening .  W:iterS m a y  b c  dischnrgecl throug1: 
this gap f rom the j~lnctiorl s h i i f t  tv  t l ~ t :  t\rnl~ul-~lndet. differential heads 
up to 277  feet .  With the gate (:loset! or ~ l t -u r ly  cl(,sed, the water flow 
passage clearance gap was 1 /16  111~11; and ;is the gat(: opelieti beyotiti 
1-114 inches the gap inc.reast~ti to 112 i n c h .  It ,~!;l:; it11pr:lcticable Lo 
study the  flow charac te r i s t ics  of this i low 1)assage on ;i scale of 1: 18 
s o  a separa te  sectional modill to :: lt:~-ger s i ze  was constructed to 
investigate the possibility of cavitation it1 the l /  l t i-  :uid 1/2-inch flow 
passages .  



D e s c r i p t i o n  of g a t e  s e a l  model .  - -A fu l l - sca l e ,  l - foot - long s e c -  ,. 
t ion of the f r a m e  s e a l  r i n g  and g a t e  s e a l  r i n g  w a s  c o n s t r u c t e d  and ins t a l l6h  
in f ac i l i t i e s  p rev ious ly  used  f o r  t e s t ing  r u b b e r  g a t e  s e a l s .  T h e  equip-  
m e n t  cons i s t ed  of a hydrau l i c  l i f t  f o r  pos i t ioning  the  s e a l ,  a hous ing  
with t r a n s p a r e n t  p l a s t i c  windows f o r  o b s e r v a t i o n  and an  out le t  p ipe  
with a g a t e  f o r  col l t rol l ing the  d o w ~ l s t r e a m  p r e s s u r e  on the g a t e  s e a l  
( F i g u r e  33B) .  Although the  g a t e  moved with r e s p e c t  to  the f r a m e ,  i t  
w a s  expedient  on the m o d e l  to  s i m u l a t e  the s a m e  r e l a t i v e  motion,  
by moving  the  s h a p e  r e p r e s e n t i n g  the f r a m e  s e a l  r i n g  with r e s p e c t  to 
the  fixed g a t e  s e a l  r i n g  ( F i g u r e  33C) .  P i e z o m e t e r s  w e r e  loca ted  in 
both s h a p e s  to  s tudy  c r i t i c a l  p r e s q u r e  a r e a s .  P r e s s u r e  h e a d s  t o  a 
m a x i m u m  of 160 fee t  of w a t e r  u p s t r e a m  of the 112- and 1116-inch 
flow p a s s a g e s  w e r e  suppl ied  by two 12-inch cen t r i fuga l  p u m p s  in s e r i e s .  

Cavi ta t ion  in flow p a s s a g e  of p r e l i m i n a r y  g a t e  s e a l .  - - P r e l i m i n a r y  
t e s t s  indica ted  the  1 / 2 -  and 1116-inch flow p a s s a g e s  of the  gate seal 
t o  b e  unsa t i s f ac to ry  b e c a u s e  of cav i t a t ion .  F o r  the  112-inch flow 
p a s s a g e  a vapor  pocket  f o r m e d  d o w n s t r e a n ~  of the  114-inch r a d i u s  
n e a r  the  bot tom of t h e  f r a m e  s e a l  r ing .  T h e  vapor  pocket  ex tended 
d o w ~ l s t r e a n l  a long the frar.\e s e a l  r i n g  boundary  t o  connect  with a 
second  pocket  that  f o r m e d  in an of fse t  of the f r a m e  s e a l  r i n g  boundary  
( F i g u r e  3 4 A ) .  -4 vapor  pocket  f a r m e d  in  the l / l 6 - i n c h  f low p a s s a g e  
be tween the  two s e a l  r i n g  s u r r a c e s  and extended d o w n s t r e a m  of the  
p a s s a g e  a long the f r a m e  s e a l  boundary ( F i g u r e  38.4).  

Cavi ta t ion  i n d e x - - P r e l i m i n a r y  g a t e  s e a l - -  112-inch flow p a s s a g e .  -- 
T h e  l a b o r a t o r y  pump f a c i l i t i e s  could not p r o d u c e  fu l l  p ro to type  d i f f e r -  
en t i a l  head ( 2 7 7  fee t ) ,  so  i t  w a s  n e c e s s a r y  to  u s e  a p a r a m e t e r  con-,mon 
t o  both m o d e l  and pro to type  s e a l s  to inves t iga t e  the poss ib i l i ty  of c a v -  
i ta t ion  in the  pro to type .  T h i s  p a r a m e t e r  w a s  a cavi ta t ion  index.  For 
flow p a s t  s u b m e r g e d  s h a p e s  a t  high Reynolds  n u m b e r s ,  t he  d i s t r ibu t ion  
of p r e s s u r e  is a funct ion of the boundary  g e o m e t r y  and the p r e s e n c e  
of cavi ta t ion .  T h e  cav i t a t ion  index, a d i m e n s i o n l e s s  p r e s s u r e  r e l a -  
t i o n s l ~ i p ,  K,  is a m e a s u r e  of the p r e s e n c e  and in tens i ty  of cavi ta t ion .  
It  w a s  expedient  to  de f ine  Ki as a value of K a t  which  cavi ta t ion  w a s  
inc ip ient .  1701. a11 conditiorls giving va lues  of K larger than K i  t h e r e  
woilld b e  no cavi ta t ion  and the  p a t t e r n  of flow would b e  unaffected.  T h e  
index m a y  b e  defined in s e v e r a l  ways .  

The cav i t a t ion  index  used for anal.yzing the  p r e s s u r e  condi t ions  in the  
112-inch flow p:issage was :  

where :  

hb = mode l  p r e s s u r e  rep l .csunt ing  the g a t e  r e c e s s  p r e s s u r e  ( f ee t  
of w a t e r )  

h v  = v a p o r  p r e s s u r e  in fect of w a t e r  ( a t m o s p h e r e  as da tum)  



e t e r  shaft (feet of water) 

The numerator of this equation represents  a measure of the p r e s s u r e  
head available to prevent cavitation in the flow passage. The denom- 
inator is a measure of the differential head producing the velocity 
through the flow passage. 

A change in the pattern of flow with u tendency toward separation, 
o r  the formation of a vapor pocket, wauld result  in a change of the 
capacity of the flow passage.  A s  v a p o r  cavities formed rlnd the c i ~ v l -  
tation pocket enlarged to decrcasc the  effective nreu of the flow pu8- 
sage, the cavitation index i ~ n d  disct~nsgc capucity wau ld  decrotrara, 
This chrsractei*istic wus used lo defir~e Ki. 

A coefficient of discharge f a r  thc flow pasrruga, comyutod from 
the measured discharge, thu urcu of tho 1/21 by 12 - inch  I?~~IuQ@, and 
the difference in p ressure  hcud (shuft  to gutu rtauarcru ptloo&ur3e) w&a 
used. 

Q = model. discharge (efs) 

A = area  1/2- by 12-inch space (square feet) 

tio = model p ressure  head, representing ehu l t  prar;aurqe ( h a t  uf 
water) 

hb = model p ressure  head, representing  gut^ rvaca#a preafaurcr 
(feet of water*) 

The transition from flow ut~rrffcctod by cnvit~it lan to SLOW w i t h  
cavitation was gradual so  an cxc~cl v ~ l t r e  uf Ki wrtn nut i t 1 d 4 0 ~ t ~ f l ;  
however, by a plot of the two purnrnators, u)~pruxlmut@ v#l\lee eerrld 
be determined f o r  a study of tlic design. F o r  vultrala of lif from 8 tt) 
0.8 ,  a vapor pocket was fornled along the bountirrrqy turd tln8+onli the 
width of the f rame  sea l  madel. Gencrul C U V ~ ~ M ~ ~ C ~ I I  dfti !lot OQQUP fer 
values of K greater  than 0 .8 ,  thus Ki O,N,  Vr\por paeltot# due to 
local roughness were obser-ved in the model bt:f'ort~ (t chlitlgtj I r r  the  
flow pattern was indicated by the  irltlex curve,  A crtvitrkttun Lt~dex crP 
0.45 was computed f o r  the prototype. Thlu  index wug bit#ed en t tw 
maximum available shaft pressure and n mir~lmun) grtlc) tq#!!@fi# 
pressure for a discharge of ~ ~ l ~ p r o x i n ~ u t e l y  :1,000 aY@ crnd u 4 -  1 / ' ~ =  
inch gate opening. This  value wuu ir; the cttvitittiorl t.rttrgr? (Pi UP@ .!@k\) tl - 
so  the shape was unsatisfactory. Tht: study w a s  thun c~xliir~cia to r@= 
place the 1/4-inch radius witlr LI ctirvcd boitndirry ttrut w ~ u l d  b~ I1'~ie 
from cavitation. 



cz 

An e lec t r ic  analog was utilized to reduce the time required for  obtain- 
ing a cavitation-free passage shape.  The analog equipment consisted 
of a graphite-coated paper, a potentiometer with dial reading to 1/10 
of 1 percent ,  a precision galvanometer, and a 22-1/2-volt battery.  
This  equipment was mounted on plyboard fo r  use on a drafting table 
o r  desk (F igure  34B). 

T h e  s e a l  passage cross-sect ion shape fo r  the l /2 - inch  gap was 
cut f rom the graphite-coated paper .  Electrodes were cu t  f rom alumi- 
hum foil and clamped to the paper  with sponge rubber s t r i p s  backed 
with plyboard. The  contz,ct of the electrode with the graphite coating 
was checked by measuring an equipotential line near the electrode.  
With good contact, the distance of the line f rom the electrode would 
be uniform for  potentials within 1 o r  2 percent of the electrode poten- 
tial. Small  deviations were cor rec ted  by adjusting the electrode 
clamps.  Although not used in this study, a s i lver  paint applied 
directly to the graphite-coated paper  was l a t e r  found to be an improve- 
ment ove r  the aluminum foil e lectrodes.  

T o  s.tudy the p re s su re  change along the boundary, it was  not 
necessary  to establish the flow net but only the potential drop between 
points along the boundary. k single probe was f i r s t  used to obtain 
the spacing of points for  equal increments  of potential (F igu re  34B). 
This  method proved unsatisfactory because of the difficulty of accu- 
rately measuring the distance between points. A probe with two points, 
one electr ical ly  insulated f rom the other, provided a s tepwise meas -  
urement of the boundary length and the potential drop between points. 
Equal lengths were thus set  and the precision of the potentiometer was 
utilized to obtain the potential d rop  for each step.  Th i s  method over-  
came the inaccuracy of measuring distance for the s ingle  probe method 
The change of potential between equal increments  of boundary length 
indicated changes in velocity and p res su re .  Th i s  fac tor  was used to 
investigate the tendency toward cavitation p res su res  a t  the flow s u r -  
faces.  

Pre l iminary  f r a m e  sea l  boundary- - 114-inch radius.  --The poten- 
tial d rop  along the prel iminary f r a m e  s e a l  boundary was  determined 
from a n  analog model four t imes  actual s i ze .  T h k  potential drop 
was plotted against the developed length of the boundary to indicate 
the r a t e  of change of the velocity a t  the boundary; a s  the water  flowed 
through the For the G s s a g e  to be frek of cavitation, the 
velocity of the water must increase  in a gradual manner  to a maximum 
in the 1/2-inch flow passage. Thus  the passage shape must  be such 
that the slope of the potential d rop  ( $$&) versus  distance (S) curve 
inc reases  to the maximum at the unl o r m  section of the analog which 
represented the 1/2-inch flow passage.  A higher velocity on the 
boundary than a t  the uniform section would be  indicated by a slope 
s teeper  than that fo r  the uniform section. ?'he observed vapor pocket 
a t  the 114-inch radius  in the water  model (Figure 3 4 A )  coincided with 
the region fo r  the steepest  slope on the analog potential d rop  curve 
(Curve a, Figure  36) .  



The r a t i o  of the maximum s l o p e  ( A 4 / A  SI), to the slope at 
the uni form sect ion ( a # 2/ AS2) r v o ~  , ,sea with the data from the 
water m o d e l  to p red ic t  cavitntlon. The velocity at the i/4-inch 
radius w a s  re la ted  to the velocity i n  the uniform section by 

'11 A + l / ~ ~ s i  - a- 
v, a + 2, A S 

{ T p i , ~ : l r ?  3613) 

T h e  p r e s s u r e  change f r o m  S1 to S 2  f r om the Bernou l ' .  11 equation is 

1os:;cs ils.+:lmt:(! ncg: igible 

and by subst i tu t ion 

T h e  s lope  of the potential  d r o p  c u r v e  indicated the r n u i n ~ u m  veloclty 
j long the boundary wollld bt L. d t i rn .2~ the v e l o c i : ~ ~  i n  thc uniform 

-1 section ( C u r v e  a, F i g u r e  36) .  I. o r  cc~vitn:!an t o  oci:ur nlong the bcun- 
d a r y ,  hl (Equation 3) must E L ~ Y ~  t h e  viipor pressure of w n t c r  (minus 
27  feet of w a t e r  r e f e r r e d  to utmosphcr ic  a t  Denver ,  Colorado).  ?.hen 
Equation 3 b e c o m e s  

Data used  foi- the conip:~ile~! tr:11ti03 of K for I:ipt~l*(! R5A GI the 
wate r  model  viere subs t i tu t i . .  I I :  4 C . . ~ r ~ ~ ~ , u i ~ ~ r l  \*:~luetl af 
h l  indicated negative pres:~!: . . :~ zreilta:r ih;in 27 f t : ~ : t  valtlcs n l  
K < K i  and thus indicated c c ~ ~ i i ~ : t i o n .  14'01 rxnrn!,!:, i:*otit :11oda1 t l ~ t a  
wi th  cavitat ion present ,  

ha) 0. 5 f t ~ ~ j t  <>I '  \i .ir.*:I " 

2 = 45 f'c*t t :rf v 8 : r l t . i .  

h 2  :=. -4::. '1 ic:,.: 

' 1  4 -. 



1 
i s  greater. t l l ; ~ r i  Lhc -27 feet of water o r  actual vapor pressuere. F o r  
K > K i ,  thc cornputcd values of I l l  would have smal ler  negative o r  
even positivc values and would indic;\te absence of cavitation. It was 
concluded that the analog indicnt ions of cavitation were satisfactory, 
and the method could be applied to the study of additional shapes. 

F r a m e  seal  boundary 2 radii, 3/4 and 1 -3/4 inches. --The s u r -  
face profilc of a twc-dimensional jet from a slot which defines a con- 
stant velocity and pressure  boundal-y was not practicable for  the frame 
seal  ring because of machinirig cost.  Slight variations in the profile 
could readily produce i l~c reases  it1 local velocities and decreases  in 
pressures  to cause cavitation. Vapor pocltets were observed in the 
water model at local valiations in the preliminary boundary surface. 
A frame seal  ring boundary consisting of two radii  (314 and 1-314 
inches) was studied a s  a means of obtaining an increasing velocity 
f rom the shaft  to the uniform 112-inch section of the sea l  flow 
passage (Figure 3GB). An analog study of the flow passage four t imes 
actual s ize  gave a ratio of the maxlml~m to the uniform section velo- 
city of 1 .2  near  the point of tanger~cy of the 1-314-inch radius and 
the wall of the l/2-inch flow passage (Curve b, Figure 36). The 
pressure  in this region kvould be ].educed by 44 percent of the velocity 
head in the 112-inch flo\v passage 01- approximately - 1 7  feet of water 
for  a velocity head of 45 fcet. This sc :~ l  ring shape was an improve- 
ment ovcr thc prelimiriary design, hut vapor pressure was indicated 
for a velocity head of apl~roxitn;itt:ly 61 fcct which was much l e s s  than 
the 250 feet for n 4.  5-illct1 g l tc  ol)c'tiinl,r ill t h e  prototype. The shape 
was uns;ltisf;lctory bccnusc of thc I-i~pid velocity ctl:~rlge near  the 
tangent point of t l ~ c  1-:1/4-inctl ratl i t~s arid the wall of the 112-inch 
flow pi1ss:ige. 

F r a m e  set11 t ~ o ~ ~ ~ t l a r -  of 9 ~ - a d i i  (0. 555, 1. 182, and 2 .  30 itlche 
The previous test s d iowec 7'KZ;l moro grr~clual curvature was ncctfe 
near the tangent poi111 of tllc 1 -314-.irich radius arid the wall of the 
112-inch flow passiigc . t l  compou~~cl curve of 3 radii that npprox- 
imated an c1lil:sc was tiscd i n  placc. of thc 2-radii  curve. The minor 
axis of the :rl~l:raximatc ellil>se was set  at 0. 88 inch and the major 
axis at 1.50 i11ct1i.s. 'l'his gnvc a fr;lrnc seal  boundary with rarlii of 
.0. 555, 1. 102, ;t1ic1 2 .  39 inches (Figirrc :36C). 

I The slope of tho l~oterlti;~! 111-01) r:ur.vc: lor this dcsigli progl*es- 
I 

I sively increased wilt1 a n  incr-c.lstb 111 t list;~nce along thc bourrdary. 
The slope rscachcd ~1 maxi~nurll a \  tllc erltr-ance to thc: 1/2-inch flow 
pnss;lgc. This  irlclicated Ltiat tlrc r~i;lxi~rltrltl velocily was in the 112- 

, inch flow passage (Curve c, 1;'igirr.c 3G). N o  subatlnospheric pr-essure 
was indicated by the analog for I t ~ c  3-radii design, r~nd the f rame  
sea l  on the water model was rnachirrecl to this shape. 

Cavitation ifidex--3 radii fr-;~nie seal-  - 112 -inch flow passage. - - - 
Cavitation did not occur- .llorl:; ttio flow passage boundary with the 3- 
radii  curve in the 1-foot-long w;rtc-r. rnodcl for the maximum avail- 
able laboratory pr*essurt of 1iiO feet of water :)rid a discharge of 3 . 9  
c f s .  The pt.cssu~-c of -13 feel ;it I'iezometer B w a s  fj fcet lower 



1/2-inch flow passage fo r  a differential head of 112 feet ,  Th i s  
indicated that the velocity in the flow passage at P iezometer  B was 
higher than in the 112-inch flow passage. Th i s  reduction in p r e s s u r e  
was not evident in the analog model. A fur ther  increase  in the rad ius  
of curvature  near  the tangent point with the 112-inch flow passage wall 
would have increased the p re s su re  i n  this region. The  model jet was 
discharging into a p r e s s u r e  of -10 feet  of water  with a 112-foot differ-  
ential head. With a minimum water  surface in Adaminaby Reservoi r  
approximately 70 feet  of back p res su re  would be available for  gate 
openings g rea t e r  than 4-112 inches, thus the low p res su re  was not 
considered c r i t i ca i  and the boundary shape was  recommended. 

Cavitation at  f r ame  sea l  offset. --Cavitation occurred in the 1/2- 
inch offset of the f r ame  sea l  boundary downstream f rom the 112-inch 
flow passage (F igures  37A a r~d  35B). The offset was increased to 
r a i se  the p re s su re  at the jet contraction and cause  a separation of 
the flow f rom the boundary of the offset. The  offset was limited to 
a maximum of 1 inch by the gate guides (an increase  of 1 /2  inch f r o m  
the prel iminary design) (Figure 35F).  Cavitation occurred with the 
1-inch offset but no dec rease  in the coefficient of discharge could be 
detected for  the maximum pres su re  head and discharge of the labo- 
ra tory  pumps (F igures  35C and 37B). 

Severe cavitation occurred a t  the 1-inch offset f o r  a gate opening 
of 2-9/16 inches. The jet from the 112-inch flow passage was  de-  
flected a c r o s s  the offset  by the gate sea l  r ing (F igure  37C). Th i s  
prevented a r e tu rn  flow and resulted in cavitation and a dec rease  in 
the discharge coefficient. A computed index for  this opening on the 
prototype was in the cavitation r gion (F igure  35D). Flow conditions 
were improved for  a gate opening of 4 inches but were still unsatis-  
factory fo r  the 2-9/16-inch opening. 

Cavitatiorl could be eliminated by sufficiently increasing the 
amount of the offset to provide a re turn  flow a s  evidenced by tes t s  for 
the 4-inch opening. A discussion with the designers  resulted in the 
elimination of the offset in the f r ame  sea l  r ing  (F igures  37D, 35F). 
This  change eliminated the offset in the s e a l  r ing  boundary but formed 
an offset approximately 2 inches a t  the s ix  7-112-inch-wide upper gate 
guides. An offset of 6-112 inches existed between the f r a m e  sea l  
boundary and other  pa r t s  of the lower f r a m e .  The  offset of 2 inches 
a t  the guides was considered sufficient because no cavitation and no 
decrease  in coefficient could be obtained f o r  this distance in the model 
(Figure 35E). The computed index for  the prototype indicated sa t i s -  
factory p r e s s u r e s  would exist  in the flow passage. No cr i t ica l  gate 

I opening was discerned in the model between 0 and 5 inches, and none 
would be expected for l a rge r  openirlgs because of increased back 
p res su res  and decreased shaft p re s su res .  T h e  3 -radii  curve  and 
4-1/4binch tangent was recommended for the lower f r a m e  seal 
boundary (Figure 3 9 ) .  



Pre l iminary  gate sea l  boundary- -1/ 16-inch flow passage.  --  
The gap of 1 16-inch between the gate seal r ing  and the final f r a m e  
sea l  r ing (ga/te openings l e s s  than 4-112 inches) was s e t  up on the 
full sca le  sectional model to study the cavitation tendencies. The  
s ide of the 1116-inch flow passage formed by the surface of the f r a m e  
s e a l  was paral le l  to the skin plate of the gate and the gate s e a l  face.  
The prel iminary gate sea l  r ing  was 1-114 inches thick with a 45' 
chamfer  f rom the top surface for  a 114-inch distance down f r o m  the 
top surface,  a 1/4-inch flat  face at  the inner  d iameter  and a 30° 
chamfer  at  the bottom (Figure  35D). The 300 slope was provided 
to facilitate the positioning of the gate as it neared the closed position. 

A vapor cavity formed within and extended downstream of the 
1 /l6-inch flow passage (F igure  38A) .  The dimensions of the flow 
passage between the f r a m e  and gate s e a l  fo r  the gate in the closed o r  
near ly  closed position formed a shor t  tube in which water  flowing 
through the passage f i r s t  contracted at  the upstream end of the 
passage and then expanded to fi l l  the downstream end. The  contrac-  
tion and expansion of flow was sufficient to produce vapor p r e s s u r e  
within the passage.  The  coefficient of discharge for  the flow passage 
could not be used to define Ki because of the difficulty of accurately 
measuring the model discharge.  A p r e s s u r e  factor  warj substituted 
fo r  the coefficient in this study. Th i s  p r e s s u r e  factor  was the shaft 
p re s su re  (ho) minus the p r e s s u r e  in the contraction (hp) divided by 
the shaft p r e s s u r e  minus the gate r e c e s s  p r e s s u r e  (h ) .  The  p res -  
s u r e  fac tors  were  constant with decreasing values of $r until K equaled 
approximately 0.30. The  p res su re  factor  values then increased a t  a 
r a t e  of approximately 2:l with decreasing values of K. Cavitation was 
present  f o r  all  values of K below about 0. 30. The  computed index of 
0 .34  for  the prototype was considered to be in a cr i t ica l  region. 

The gate s e a l  shape was modified in an attempt to eliminate the 
conditions causing the shor t  tube flow. The  114-inch face of the gate 
s e a l  was reduced to 1 /16 inch. A flow contraction formed a t  the up- 
s t r eam end of the passage and expanded along the 450 chamfer  to cause 
cavitation (F igure  3818). The  short  tube action was not eliminated 
f rom the design because of the 45O surface and the gate seal was un- 
satisfactory.  

Recommended 1 / 16 -inch flow passage. --A modification of the 
gate sea l  r ing to eliminate the vapor cavity in the l / l6 - inch  con- 
s t r ic t ion was  based on the r e su l t s  of the t e s t s  on the f r a m e  sea l  r ing.  
An increase  of p r e s s u r e  at  the jet contraction caused by a separation 
of the flow f rom the boundary was required to prevent cavitation. A 
discussion of this problem with the designers  resulted in the elimi- 
nation of the 450 chamfer  on the inner d iameter  of the ate  seal ring. 
The  gate s e a l  r ing was 1-1/4-inches thick and had a 1 8-inch ver t ica l  

F 
P 

face down f rom the top surface at  the inner d iameter  and a 300 chamfer  
a t  the bottom (Figure 39). 



length of a short  tube when based on the l / l 6 - inch  gap between the 
f rame and gate sea l  r ings .  The exit of the minimum flow section 
was now at the top surface of the gate seal ring. Although cavitation 
at  the downstream end of the 1 /8 -inch-long flow passage was possible, 
the s e a l  was considered acceptable. No damage to the f r a m e  o r  gate 
sea l  r ings  should occur because any vapor cavities that form will 
collapse within the water  in  the gate r eces s .  

P r e s s u r e  change on gate sea l  r ing f o r  gate  openings 0 to 5.5 
inches. - -P res su res  were  measured on the 30" chamfered surface 
o f g a t e  sea l  r ing to study any condition that might induce a ve r -  
tical movement of the gate a s  the gate is ra i sed  and the c learance  
between the f r ame  and gate sea l  r ings increases  f rom 1/16 to 1 / 2  
inch . 

Because of the lower heads used in the model study a p re s su re  
factor was employed to determine the change of p r e s s u r e  on the s e a l  
at  the higher prototype heads.  The  p res su re  factor  used was: 

P r e s s u r e  factor  = h0 
- h  

ho - hb 
where 

h = pres su re  on 300 chamfered surface,  fee t  of 
water  

ho = shaft p re s su re ,  feet of water  

hb = gate  r e c e s s  p re s su re ,  feet  of water  

The  p res su re  factor  varied on approximately a s t ra ight  line 
relationship f rom 0 .1  1 to 0.85 between gate openings of 4 and 4-3/4 
inches (Figure 40). 

Th i s  study showed that the p re s su re  on the 30° chamfer  surface 
would change at  a rapid ra te  f rom the shaft p re s su re  to the gate r e c e s s  
p re s su re  in less than 1 inch of gate movement. P r e s s u r e s  f o r  the 
prototype gate can be evaluated by using the p r e s s u r e  factor  and cam-  
puted values of the prototype shaft and gate r e c e s s  p r e s s u r e s .  

Any tendency for  movement of the gate by p res su re  fluctuations 
in the shaft o r  gate chamber  may be accentuated at  gate openings be- 
tween 4 and 4-314 inches because of the rapid ra te  a t  which the s e a l  
p re s su re  changes with opening in this range of gate t ravel .  No move- 
ment was noted in the gate sea l  model but the tendency for  movement 
with the rigidly supported model would be less than for  the prototype 
gate suppozted by three 330-foot-long s t ems .  
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FIGURE 5 
HEPOIIT HYI).  392 

A.  1:21 . F  SCALE MODEL-SHAFT INLET STRUCTURE 

B INLET TEMPLATES AND FRAMEWORK 

EUCUMBENE-TUMUT TUNNEL JUNCTION SHAF'I' 
MODEL INLET AND CONSTRUCTION DETAILS 



REPORT HYD. 392 

A.  WIRE LATH ON INLET FRAMEWORK 

B. CEMENT-SAND MORTAR COATING C. FlNlSHED INLET SURFACE 

EUCUMBENE-TUMUT TUNNEL JUNCTION SHAFT 
CONSTRUCTION DETAILS OF MODEL INLET OVERFLOW SECTION 



FIGURE 7 
REPORT HYD. 

~ A.  INLE'I' ENCLOSURE AND WOODEN PIER 

C. TOPOGRAPHY 

EIJCUMUENE-'I'UMU'I' 'I'UNNEL J U N C ' I ' I O N  SHAF'r 
CONS'I'HUC'TION DETAILS OF INLET S'I'HUCTUHE A N D  'rOPwIIA1'IfY 



FICIJRE 8 
REPORT HYD. :{!I2 

A .  INLET CREST-FREE FLOW OPERATION 

C. FLOWOF WATER 
AND ENTRAINED AIR 
DOWN SHAF' f .  EXPO- 
S U R E  APPROXIMATELY 
1/10, UOO SEC. 

B .  WATER SURFACE WlTIUN INLET 

EUCUMBENE-TUMUT TUNNEL JUNCTION SHAFT 
FREE FLOW AT INLET CHEST DISCHARGE 

REPRESENTING 3 , 0 0 0  CFS-HES. EL.' 3889.6 



FIGURE Q 
REPORT MYD. 392 

A .  INLET CREST-FREE FLOW OPERATION 

C. F L O W  OF WATER 
AND ENTRAINED A I R  
DOWN SHAFT. E X P O -  
SIIKE AF'PHOXIMATELY 
1 / 1 0 ,  000 SECT. 

B. WATER SCJHFACE W I T H I N  INLET 

EUCUMBENE-'! ' l iMU'r TUNNEL JUNCTION SHAi2'I' 
FREE FLOW A?' INLE'I' CHEST DISCHARGE 
HEk'HESEN'TINC 5 .  000 C'12S-HES. EL. 3891. 3 



B. WA'TEH S U R F - A C E  W17'HIN I N L E T - N O T E  N A P P E  FLOWING AGAINS'I' 
S U R F A C E  A'T R I G H T .  

E U C U M B E N E - T U  MU'!' ' I 'UNNEL .JUC'SION S H A F ?  
FHEE F1,OLI A'l' 1N LET C'HESrI' L)ISCHAHCE 

HEk'HESEN7'1NC 9 ,000  C'FS-HES. EL.  3893.  2 





FIGURE 12 
REPORT HYD. 392 

A. DISCHARGE 3 ,000  CFS 
RESERVOIR ELEVATION 3895 

B. SHAFT WATER S'JRFACE-3,000 CFS 

C. DISCHARGE 5 ,000  CFS, 
RESERVOIR ELEVATION 3900 

EUC'JMBSNE-TUMUT TUNNEL JUNCTION SHAFT 
SUBMERGED FLOW A T  INLET CREST DISCHARGES 

REPHESENTING 3,000 AND 5 , 0 0 0  CFS 



EtiC'1:hlLtcEN E-':'I:iMIl'r 'I'lINN EL. .IlJhCTlON SHAFT 
SUHMEHGEL,  12LOW A'I' IN LE'I' C:H ES'I' 

DISC'tiAHGE HEPH ESEN'I'INC; 9, 000 C'FS 



REPORT HYD. 392 

'PLASTIC OBSERVATION 

,- 6-INCH BRASS PlPE 

re-INCH PlPE FlNlSHEO 
' TO A 6-INCH 

INSIDE DIAMETER 
WITH CEMENT-SAND 

,WAT ER SUPPLIEO BY 

-- 

EUCUMBEME-TUMUT TUNNEL JUNCTION SHAFT 
SCHEMATIC MODEL OF SHAFT E 

W l  TH  INLET CONTROL 

, 

I 



FIGURE 15 
REPORT HYD. 392 

A .  ,JET At'PEAHANCE l /  lOQ B. HIGH-SPEED PHOTOGRAPHY OF TUHHULEN'I' SURFACE 
SECOND EXPOSURE ERUYTICWS-11 10, 000 SEC. 

ITISCHAHGE CONTROL 1 -1 /2  INCH SHARP EDGED ORIFICE 
1 4  INCHES ABOVE 51 INCH LENGTH OF 6 INCH I.  D.  PLAS'I'IC' 
I'IPE DISCHAHGE=O. 81 CFS, VELOCITYmllQ FPS, PHESSUH E 
AROUND J E T = 9  INCHES OF WATER ABSOLUTE, VAPOR 
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1 2X-MODEL WITH INL,E?' CON'I'HOL 

SIJHFACE AFTER 100 HOUHS 'I'ESI' 
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A .  MODEL OF CYLINDER CATE AND TUNNEL TRANSITION 

13. I -GATE, GATE STEMS AND UPPER AND LOWER F R A M E  
2-SPLITTEHS, CONE, CATE SEAT A K D  PEDESTAL 

EUCUMBENE-T1IMUT TUNNEL JUNCTION SHAFT 
PRELlMMAHY CYLINDER GATE MODEL TRANSITION AND GA'FE SECTIONS 



FIGURE 21 
REPORT HYD. 392 

t4. TITMIIT SIDE OF GATE CHAMUEH 
WOODEN MOLD- 2 3  FOOT RADIITS HEVEKSE C U R V E  

A.  ASSEMBLED CfI'I'E: 

C.. PIIEI,IMINt'lHY AUt\MlNt \BY SIDE 0 1 '  GATE C'HAMHEH 
it'l'rtl WOODEN MOL,D-10 DEGHISt.: CONVEl<CEPJCE 

D. CYLLNDER CA'FE AND G A T E  C U M B E R  A S S E M B L E D  

EUCUMRENE-TUNNEL J U N C T I O N  SHAFT 
CONS'rHUCTION DETAILS O F  M O D E L  CYLINDER GATE AND GATE CHAMBER 





A .  GATE DISCHARGING THROUGH RECOMMENDED TRANSITION T O  
EUCUMBENE-TUMTJT TUNNEL 

B. MODIFICATIONS T O  LOWER E'HAME, GATE SEAT, AND GATE PEDESTAL 

EUCUMBENE-TUMUT TUNNEL JUNCTION S H A F T  
MODIFICATIONS T O  CY LlNDEH GATE MODEL 



, -PIEZOMETERS AT BOTTOM 

--EXTENSION TO REDUCE 
MAXIMUM OAT€ OPENIN 
TO 8.6 F E E T  

aH' DIFFERENCE OF TOTAL HEAD 
18 FOOT S H A F T  AND 21 FOOT 
TUNNEL 

COEFFICIENT OF DISCHARGE -Cd 

EUCUMBENE -TUMUT TUNNEL JUNCTION S H A F T  

SIGN GATES 





FIGURE 26 
REPORT NYD. 392 

I 
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r J  
r-;;----------------- ---- r-3---7 

---AL--.---- J I 
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I GATE LEAF-' 
I 

\ 

I GATE SEAT SHAPE: 
I 

A. PLAN OF AIR MODEL 

B. AIR MODEL INSTALLATION 

C. F L O W  EXIT-4 GATE SEA'S SHAPES-RECOMMENDED SHAPE INSTALLED 

EUCUMBENE-TUMUT TUNNEL JUNCTION SHAFT 
1:4 SCALE LOW-VELOCITY AIR MODEL, 



REPORT HYD. SOP 

I 
0.6 

PA Pe ---  
Y Y  

GATE 

PF=- 
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GATE OPENING -FEET PROTOTYPE I 
EUCUMBENE-TUMilT TUNNEL JUNCTION SHAFT I 
P R E S S U R E  FACTORS FROM WATER AND AIR MODELS 

F O R  PRELlMlNLIRY D E S I G N  GATE SEAT 
503 
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OISGvhR6L- rHOU3AMOS OF C F S  

A .  PRESSURES AT CENTERLINE O F  UPSTREAM SPLITTER 

, , r- - --- - - -- --r -----.-.- '--I-- -..--- 
Z Y 

ri L 

D13ChuaGt - ~ ~ U U S O I I O S  OF CFS A -A 

C PRESSJRES 4 5  DEGREES L E F T  OF SPLITTEF: 0. P I E Z O Y E T E R  LOCATION 

EUCUMBENE-TUMUT TUNNEL JUNCTION SHAFT 
PRESSURES ON TOP AND BOTTOM O F  RECOMMEMDED CYLINDER GATE 



f<Ef'C)HT I-IYD. 302 

A .  PHESSUHE CELLS A N D  INSTRUMENTS E'OH OBTAINING PRESSURE 
FLUCTUATIONS ON MODEL 

H .  GATE SEAL MODEL 

C. PRELIMINARY GATE SEAL-HEPHESEN'I'INC CA'FE 4 . 5  INCHES OPEN 

E U C U M H E N E - T U M U ' I '  ' f l lNNEL JIINCTION SHA1q.T 
PRESSURE CELL INS'TALLATION 1 : i 8 SCALE CYLINDER GATE MODEL 

,roP G A T E  SEAL MODEL 
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SOEFFICIENT OF DISCHARGE 

ha* PRESSURE HEAD IN  SHAFT-FEET 
hb* PRESSURE H E A D  IN G A T E  RECESS, 
A ' AREA O F  BY 12-  INCH FLOW 

PASSOGE-SOUARE FEET 

CAVITATION INDEX 

h,= WATER VAPOR PRESSURE REFERRED 
TO ATMOSPHERIC PRESSURE. 

K 
A. INDEX FOR PRELIMINARY DESIGN-'I~-INCH RADIUS 

4.5-INCH GATE OPENING 

1.02 

1.00 

0.9 8 

0.9 6 

K 
B. 3 RADII CURVE-~/~-INCH BOUNDARY OFFSET 

4-INCH GATE OPENING 
E. 3 RADII CURVE- CONTINUOUS SEAL BOUNDARY 

4-INCH GATE OPENING 

0. 3 RADII CURVE- I-INCH BOUNDARY OFFSET 
2 q k - l ~ C H  GATE OPENING 

. , .- 
F. FRAME SEAL BOUNDARY SHAPES 

E U C U M B E N E - T U M U T  T U N N E L  J U N C T I O N  S H A F T  
CAVITATION INDEX FOR FRAME SEAL  BOUNDARY S H A P E S  





A .  V A P O R  POCKET IN 1 1 2 - I N C H  SEAL OFFSET B. VAPOR POCKET IN 1-INCH SEAL OFFSET 
4 - I N C H  GATE OPENING CAVITATION 4 -INCH GATE OPENING CAVITATION 
INDEX 0 . 3 9  INDEX 0 . 3 3  

C .  VAPOH POCKET IN I -INCH SEAL OFFSET 
2 -91 16 -INCH GATE OPENING CAVITATION 
l N D E X  0 .  35 

D. SEAL RING BOUNDARY 
GATE OPENING 4 -INCHES 

EUCUMBENE-TUMUT TUNNEL JUNCTION SHAFT 
VAPOR POCKETS O N  FRAME SEAL BOUNDARY - -OFFSET-  - 

RECOMMENDED FRAME SEAL RING 



A.  VAPOH I'OCKET IN  1 / 1 6  - I N C H  FLOW l J A S S i I C F  
1 / 4  - I N C I I  LONG G A T E  SEAL, SUHFACE 

13. VAPOR P O C K E T '  IN l /  1 6 - I N C H  I.'LOW PASSAGE 
1/ 1 6 - I N C H  L-ONG G A T E  S E A L  S 1 1 H F A C U  

EIICUME3ENE- ' I 'LMIJT ' I ' I J N N E L  .1UNC"1-10N St IXF' l -  
CAVI'TA'I'ION IN  GtI 'I 'E S E A L  FLOW I'ASSAGE 



FIGURE 39 

I 

EllCUMBENE-TUMUT TUPJNEL JUNCTION SHAFT 

RECOMMENDED C Y L I N D E R  GATE TOP S E A L  

5 0 3  



hb= GATE RECESS PRESSURE 
( F E E T  OF W A T E R )  

GATE SEAL SECTION 

G A T E  OPENING- INCHES 

EUCUMBENE-TUMUT TUNNEL JUNCTION SHAFT 
PRESSURE CHANGE ON 30 DEGREE GHAMFET;: 

OF G A T E  SEA!. R I N G  


